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ABSTRACT 
 
Physical aging is the general term used to describe changes in the properties of 
glassy materials as a function of storage time, at a temperature below the glass 
transition, Tg. Extensive studies have been carried out on homopolymers and 
copolymers but fewer investigations have dealt with aging in polymer blends. This 
Thesis reports a detailed study of physical aging in polymer-polymer mixtures where 
strong intermolecular interactions are active between components. 
Miscible blends incorporating poly(4-hydroxystyrene) (P4HS) or styrene-co-4-
hydroxystyrene (SHS) and poly(ethyl methacrylate) , poly(ethylene oxide) , poly(4-
vinylpyridine) and poly(methyl methacrylate) were prepared. Fourier transform infrared 
spectroscopy was used to extract qualitative and quantitative information on the strength 
and number of hydrogen bonds. The effect of temperature and dilution of the hydrogen 
bonding sites is discussed and a comparison made between different systems.  
Enthalpic relaxation data for a series of homopolymers and copolymers, 
including poly(methyl methacrylate-co-ethyl methacrylate), and blends incorporating 
P4HS and SHS were collected and analysed using Cowie-Ferguson  relaxation model. It 
is found that  the enthalpic relaxation for all P4HS and SHS blends increases upon increasing 
hydrogen bonding strength between the components. The relaxation rate also increases with 
increasing strength of interaction as well as chain rigidity.  
   Average activation energies were calculated of all homopolymers, copolymers 
and blends under study. This parameter is shown to be correlated to polymer structure 
and polymer-polymer interactions and it is therefore useful to compare the aging 
behaviour of different systems. 
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1.1 Physical aging of polymer blends  
 
1.1.1 Definition of physical aging 
  
Physical aging is the term used to describe the observed changes in properties of 
glassy materials as a function of storage time at a temperature below the Tg [1]. 
 
Cooling  of an amorphous polymer from the melt to a temperature, Ta, below its 
glass transition leads to incomplete relaxation of the polymer chains, i.e. the polymer 
chains do not relax to their lowest energy configuration [2].  Instead, a glass is formed 
that is not in equilibrium with its surrounding.  The non-equilibrium glass state  has an 
excess of volume, enthalpy and entropy and, as a result of annealing  at a temperature 
below its Tg (i.e. Ta), it will lose these excess quantities in an attempt to achieve its 
thermodynamic equilibrium state. ''This it can do through a variety of localised 
molecular relaxation processes, which collectively are called physical aging'' [1, 2]. 
 
Physical aging should not be confused with other non-reversible aging processes 
such as chemical aging (thermal degradation, photo-oxidation etc.). When a glassy 
material is heated above the Tg, any previous physical aging that has occurred will be 
erased.  This behaviour is in contrast to chemical or biological aging, where the changes 
in properties of the material are accompanied by irreversible changes in structure 
involving permanent, chemical modification [3]. 
 
Now the question present itself why should one study physical aging?   
The difficulty that arises when studying physical aging is that the enthalpy relaxation 
seems strictly limited by temperature: nothing relevant will appear at any temperature 
lower than 35 K below Tg, at least within a decade. Therefore, chemists and engineers 
regard physical aging as a matter of only academic interest, with little applicability. 
Certainly the same has been said of many other subjects in the past, and in the mass of 
these cases things have proved otherwise. In demonstration of this fact we may recall 
that atomic energy was once thought to be impossible to use, that copper oxide catalysts 
could not have industrial application and that liquid crystal polymers had pleasant 
colours and elegant properties but naught more. However, all these communal sense-
based   declarations have become misplaced with time and maybe the labelling of 
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physical aging as a purely academic problem will prove to be another case of scientific 
misjudgement. 
 
  Physical aging is the most important feature, as it occurs  in every glass, 
irrespective of its  polymeric, monomeric, organic or inorganic nature [4]. Therefore, 
physical aging is a general phenomenon of the glassy state, as the melting point is a 
phenomenon for the crystalline state, and consequently, it has to be taken into account. 
The range of temperature in which physical aging can be reasonably significant, the so-
called aging range, has always been thought to be limited to a small interval below Tg; 
however, there is experimental evidence that the aging range is generally not restricted 
to such a narrow band, but falls between Tg and first secondary transitions, Tβ [5]. It 
follows that a number of thermoplastic materials have an aging range which includes 
temperatures of practical interest. It is also worthy of  note that very low temperature 
physical aging processes have been described [6], since the effects differ significantly 
from those observed during Tg annealing. 
  
Polymers have been increasingly used in many fields, including high precision 
technology. One of the most important requirements for such applications is 
dimensional stability. Common factors affecting the dimensions of glassy 
thermoplastics are: (1) chemical degradation, (2) absorption of liquids, (3) the variation 
in temperature; all of these can obviously affect the dimensions of unfilled 
thermoplastics. As temperature is under control, volume expansions or contractions can 
be kept within tolerance limits. Only recently has physical aging been added to the list 
and it is now well proven that relaxation of glasses can modify their dimensions 
sufficiently to make the material unsuitable for the specific purpose it was intended for. 
Thus, knowledge of these variations with time is clearly necessary to define the length 
of time the shaped material can be used without a problem arising. 
 
Physical aging is also relevant in other sectors. If a manufactured article has to 
be stored for a long period- say, in the order of years- at a constant temperature, the 
engineering designer should be aware of how the material properties may change during 
that time, under service conditions. This becomes quite important if the piece itself is 
not easily accessible for inspection or replacement. Metals and their alloys have very 
high time stability, but due to their unfavourable weight-performance ratio, they have 
been widely substituted by plastic-based materials, i.e. copolymers and composites. 
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Being in their glassy state, the mechanical response, e.g. creep and strength behaviour, 
of these polymer based materials varies with time. Therefore, long-term physical aging 
effects must be taken into account; otherwise, the product may fail, regardless of 
whether in the short term the item seems to be adequately designed. 
  
The final result, that is the difference between the predicted and the real 
performance, depends on these data and on how accurate the theoretical model is. 
Hence, the entire process relies on the understanding of short-term phenomena, the 
development of a reliable theoretical interpretation for them and the use of such an 
approach to forecast long-term phenomena. Above all, time will reveal the success of 
the third step, and not only in the literal sense of the words. 
 
 
1.1.2 Experimental measurements of physical aging 
 
The most widely used methods to follow the aging relaxation process is by 
measuring the rate of evolution of thermodynamic properties such as enthalpy and 
volume, or the changes in the stress relaxation and creep compliance over time. Other 
methods that have been adopted to follow physical aging are spectroscopic and 
scattering methods.  Here, we will describe in more detail the measurement of enthalpy 
relaxation. A comprehensive description of other methods has been given by 
Hutchinson [7].  
 
 
 1.1.2.1 Enthalpy relaxation 
 
    The availability of high precision calorimeters and the simplicity of the 
experimental procedure have meant that most investigations into physical aging have 
focused on enthalpy relaxation, with measurements carried out using differential 
scanning calorimetry (DSC). Hutchinson [7] points out that enthalpy relaxation 
''compares unfavourably with volume relaxation'' because instead of being measured 
directly by DSC, enthalpy is obtained by integration of heat capacity, Cp, curves, and  
these are calculated from the DSC output signal. However, reliable and informative data 
can be obtained via enthalpy relaxation, with careful experimental procedure [8], 
enthalpy relaxation can yield data which are both reliable and informative.  
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The enthalpy relaxation process is shown schematically in Figure 1.1 (a). The 
amorphous polymer, on cooling through Tg , arrives at point A. Annealing at this aging 
temperature, Ta, for a given period of time (aging time, ta), results in a loss of enthalpy. 
During annealing, the system moves to point B. Following this, the polymer is cooled to 
T1 and heated immediately to T2, at a constant rate, in the DSC instrument. The 
corresponding Cp curve obtained from the DSC trace is shown in Figure 1.1 (b): the 
characteristic Cp overshoot for an aged material can clearly be seen superimposed on the 
Tg step. Cooling the polymer to T1, without annealing and heating back to T2 yields the 
more familiar DSC trace, exhibiting the usual Cp step at Tg (Figure 1 (b)). 
 
The enthalpy lost in aging is equivalent to the difference between the areas of 
these two Cp curves, or, in equation form, 
 
∆ܪሺ ௔ܶ, ݐ௔ሻ ൌ න ൣܥ௣ሺܽ݃݁݀ሻ െ ܥ௣ሺݑ݊ܽ݃݁݀ሻ൧
்ഁ
ഀ்
݀ܶ								ሺ1.1ሻ 
 
where Tα and Tβ are arbitrary integration limits. 
 
One or two features of the enthalpy relaxation process are worthy of note. It can 
be seen that the enthalpy lost on annealing is not recovered gradually as the Tg is 
approached. In fact, there is virtually no recovery until the extrapolated liquid enthalpy 
curve is reached. Subsequently, between this point and the equilibrium liquid state 
immediately after Tg, all the enthalpy lost is regained. The peak in the DSC trace of the 
aged material is a direct consequence of this. To understand this behaviour, it is 
important to realise that the structure of the glass is frozen-in once the system departs 
from equilibrium at Tg [7]; the structures of the materials at Tg and at point A, therefore, 
are identical. Annealing to B changes the structure, which will now remain constant 
until the equilibrium liquid enthalpy line is crossed. Therefore, none of the enthalpy lost 
during aging is recovered up to this point. Beyond this, however, the Tg is being 
approached, and so the polymer chains are beginning to gain enough thermal energy to 
start segmental motion. Thus, all the enthalpy lost is essentially regained during the 
transition period, when the chains have sufficient energy to move. 
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1.1.3 The multiparameter phenomenological models to describe enthalpy relaxation  
 
There have been many attempts to develop quantitative models which describe 
the physical aging process.  In order to quantify the behaviour below the glass 
transition, the models have to be able to predict the complicated behaviour displayed by 
polymers.  The effects of experimental rate [10], asymmetry [11], non-linearity [11], 
non-exponentiality [11] and memory [4] have to be considered and adequately 
reproduced.   
 
The approaches developed roughly fall under the following categories: the 
single parameter (SP) or free volume models; the multi-parameter (MP) models, 
including the Narayanaswamy - Moynihan (NM) [12]  and Kovacs - Aklonis - 
Hutchinson - Ramos (KAHR) [13] models,  as well as the semi-empirical models, the 
main example of which is the Cowie-Ferguson (CF) model [3]. 
 
 
1.1.3.1 Single parameter (SP) models 
 
In glassy polymers, it is necessary to introduce additional ordering parameters, 
other than temperature and pressure, to define the non-equilibrium state.  The SP 
models use one ordering parameter, free volume, to describe the non-equilibrium state 
of the material.  Equations derived by Kovacs to describe isobaric volume recovery [13] 
and the Doolittle equation, relating viscosity to free volume [14], lead to descriptions of 
volume relaxation time and free volume.  
  
SP models are not without limitations.  Firstly, it is unlikely that such models 
can adequately describe the thermodynamic state of a glassy material.  Struik  [4] has 
shown that the free volume models each have their limitations but are nevertheless 
useful qualitatively.  Unless a quantity of the free volume, VF, can be defined, the 
theory cannot work quantitatively.  Free volume holes are known to exist with a  
distribution of sizes [15], and, as such, give rise to a distribution of molecular 
environments.  Consequently, a distribution of relaxation times would be expected; it is 
therefore necessary to be able to measure the free volume hole and distribution size.  
Techniques such as positron annihilation lifetime spectroscopy (PALS) have enabled 
such information to be obtained [15-17]. 
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1.1.3.2 Multi-parameter (MP) models 
 
The MP models were introduced to explain the four main features of physical 
aging (non-linearity, non-exponentiality, asymmetry and memory effects) that have 
been noted in multiple temperature jump experiments.  The non-linearity aspect is 
addressed by expressing the average relaxation time as a function of the departure from 
equilibrium, which is measured using the fictive temperature (Tf).  The differential 
scanning calorimetry (DSC) data are treated as a series of infinitesimal temperature 
jumps (∆T) in the NM model [12].  Tf is defined as 
 
௙ܶሺܶሻ ൌ 	 ଶܶ ൅ න ൝1 െ ݁ݔ݌ ൥െቆන ݀ܶ
ᇱᇱ
ܳఛబ
்
்ᇲ
ቇ
ఉ
൩ൡ ݀ܶᇱ
்
మ்
						ሺ1.2ሻ 
 
where ଶܶ is a temperature above Tg, T' and T'' are dummy variables, Q is the 
heating/cooling rate and β defines the width of relaxation rates, such that 0 < β    1.  
The parameter, β also incorporates non-exponentiality into the model.  When β = 1 the 
function is exponential and when β is close to zero, the function is highly non-
exponential, with a broad distribution of relaxation times.  The relaxation time (߬଴) is 
defined as 
 
߬଴ ൌ ܣ	݁ݔ݌ ቈݔ∆݄
∗
ܴܶ ൅
ሺ1 െ ݔሻ∆݄∗
ܴ ௙ܶ ቉																															ሺ1.3ሻ 
 
where ∆h* is the activation energy for the relaxation process;  x is a structural parameter 
such that it partitions ߬଴	into a temperature-dependent part (x∆h*/RT) and a structure 
dependent part ((1 - x) ∆h*/RT);  A is the pre-exponential factor.  The equations are 
solved by numerical integration. 
 
Experimental heat capacity data are used to calculate the Tf : 
 
݀ ௙ܶ
݀ܶ ൌ ቈ
ܥ௣ሺܶሻ െ ܥ௣ሺ௚௟௔௦௦ሻሺܶሻ
ܥ௣ሺ௟௜௤௨௜ௗሻ൫ ௙ܶ൯ െ ܥ௣ሺ௚௟௔௦௦ሻሺ ௙ܶሻ቉																				ሺ1.4ሻ 
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Four parameters, ∆h*, β, ln A and x, are ultimately calculated, which are used to predict 
the response of the material as it is heated through the glass transition region.  The 
model considers the entire thermal history and not only the aging behaviour. 
 
Another MP model is the KAHR model [13] which resembles the NM model, 
except that a discrete distribution of relaxation times is introduced instead of a 
continuous distribution.  This allows the distribution of free volume to be determined at 
any stage. 
 
The MP models, by introducing a T independent shape parameter, assume that 
the shape of the relaxation function is independent of temperature.  This concept has 
been questioned in the light of experimental data that suggests that β does, in fact, vary 
with temperature [18, 19].  The MP models also fail to predict the enthalpy lost upon 
aging to the equilibrium state, and they assume that the state reached after infinite aging 
time is the same as the equilibrium liquid state extrapolated into the glassy region.   
However, it has been suggested that this is not the case [20] and that the experimentally 
observed ∆H(Ta) value, where Ta is the aging temperature, is less than the calculated 
value.  Also, the parameters tend not to be the so-called material parameters, since they 
vary with both aging time (ta) and temperature.  Semi-empirical models like the CF 
model discussed below represent an attempt to address these issues. 
 
 
1.1.4 Semi-empirical models – The Cowie-Ferguson model 
 
The Cowie-Ferguson model can be described as a “semi-empirical” model. The 
model attempts to predict the enthalpy lost on annealing to equilibrium (∆H(Ta)) by 
curve-fitting to the experimental enthalpy data accumulated at various aging 
temperatures after a range of aging times (∆H(Ta, ta)). These values are determined from 
experimental Cp data obtained from DSC measurements. The approach of the system to 
equilibrium on annealing at Ta is shown schematically in Figure 1.2. 
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Figure 1.2 Schematic diagrams indicating the loss of enthalpy on annealing at Ta. H0 is 
the initial enthalpy at an aging temperature,  Ht is the enthalpy at an aging temperature 
for period of time, ta, and He is the equilibrium enthalpy. 
 
The relaxation function, Φ(t), describes the progression of the system towards 
equilibrium, such that 
 
ߔሺݐሻ ൌ ܪ௧ െ ܪ௘ܪ଴ െ ܪ௘ 																																												ሺ1.5ሻ 
 
∆H(Ta, ta) can be described by the following empirical equation: 
 
∆ܪሺ ௔ܶ, ݐ௔ሻ ൌ ∆ܪஶሺ ௔ܶሻሾ1 െ ߔሺݐ௔ሻሿ												ሺ1.6ሻ 
 
where 
ߔሺݐሻ ൌ ݁ݔ݌ൣെሺݐ௔/ݐ௖ሻఉ൧																																						ሺ1.7ሻ 
 
β is the shape parameter, as discussed earlier, and ta is an aging time, whereas tc is a 
characteristic time and ሺߔሺݐ௖ሻ ൌ 1/݁ሻ is a kinetic parameter. The parameters ∆H(Ta), 
T
H
T gT a
H 0
H t
H e
  
  
H 
T 
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β and log(tc) are obtained from a curve-fitting procedure. The model has been used to 
study the aging of a number of polymeric systems, including plasticised PVC [21], 
PMMA [22], poly(vinyl acetate) (PVAc) [19] and several para-substituted polystyrenes.   
 
 
1.2 Polymer blends 
  
At this point it seems valuable to clarify, even briefly, some concepts related to 
polymers, such as miscibility and glass transition temperature, and the factors affecting 
them.  
 
 
1.2.1 Miscibility of polymer blends 
 
Polymer blends are physical mixtures of at least two polymers or copolymers 
[23]. Polymer-polymer mixtures can form a homogeneous single- phase, in which case 
the blend is said to be miscible  or exist as heterogeneous phase-separated systems 
(immiscible blends) [23]. However, most miscible polymer blends (single-phase) tend 
to phase separate as temperature is raised. This type of behaviour is known as lower 
critical solution de-mixing and occurs at the lower critical solution temperature (LCST). 
It is frequently noticed in miscible blends [24]. Some miscible polymer systems, such as 
polyolefins, also exhibit phase separation at low temperatures. This behaviour is known 
as upper critical solution temperature (UCST) behaviour and the observation of UCST 
in polymer blends of high-molecular weight components is rare [25-27]. Both LCST 
and UCST behaviour are shown in Figure 1.3. 
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where mH  and mS  are the enthalpy and entropy of mixing, respectively. 
According to the second law of thermodynamics, a blend is miscible only if the Gibbs 
free energy of mixing is negative:  
 
∆ܩ௠ ൏ 0																																																																			ሺ1.9ሻ                        
  
 
1.2.2 Methods for determination of polymer-polymer miscibility 
 
The miscibility of polymer blends can be detected by different methods, which 
can be divided into three groups [29]:  
 
a) Phase equilibrium methods: this group includes turbidity measurements, light 
scattering methods, small angle X-ray scattering (SAXS) and small angle neutron 
scattering (SANS), fluorescence techniques and ultrasonic velocity. 
 
b) Indirect methods include glass transition temperature, nuclear magnetic resonance, 
infrared spectroscopic methods, and microscopy. 
 
c) Measurements of polymer/polymer interaction parameters: this group include direct 
methods such as the depression of the melting point and ternary-solution methods.   
 
However, brief descriptions will be given of glass transition temperature and infrared 
spectroscopic methods that are used for the determination of polymer/polymer 
miscibility, as these methods are more common in studying the miscibility of polymer 
blends and this study depends on these methods. More descriptions of the other methods 
are included in reference [30].  
 
 
1.2.2.1 The Glass Transition of Polymer Blends 
   
 The glass transition temperature, Tg, is known as the temperature at which an 
amorphous polymer changes from hard and relatively fragile to viscous and rubbery 
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[31]. At this point, the physical properties, such as the heat capacity, refractive index, 
and specific volume, drastically change. The measurement of Tg is the most widely 
accepted method to establish polymer blend miscibility [32]. Recently, Lodge and 
McLeish [33] have proposed that the effective glass transition temperature ୥ܶ
௘௙௙ሺߔሻ of 
each blend component can be calculated via the following equation: 
 
 
୥ܶ
௘௙௙ሺߔሻ ൌ 	 ୥ܶ൫ߔ௘௙௙൯																																													ሺ1.10ሻ 
 
where ߔ is the bulk concentration of polymer segments and ߔ௘௙௙ is the effective local 
concentration. 
 
The glass transition temperature Tg is often determined by means of differential 
scanning calorimetry (DSC) (Figure 1.4). Tg determines the onset of molecular motion 
and it depends, among other factors, on the polymer chain environment [23]. Thus, a 
miscible blend has a single Tg intermediate between those of the individual pure 
components (Figure 1.4 (a)), while an immiscible blend displays two glass transition 
temperatures equal to those of the pure components (Figure 1.4 (d)). However, when the 
blend is partially miscible, either multiple Tgs shifted closer together in temperature 
(Figure 1.4 (b)), or a broadening of the transition region is observed (Figure 1.4 (c)). 
Experimental techniques that can be used to determine Tg include differential 
scanning calorimetry, dynamic mechanical thermal analysis and dielectric relaxation 
spectroscopy. 
 
The glass transition temperature of a polymer blend is depended on the blend 
composition. The available equations to describe the dependence of the glass transition 
temperature on blend composition will be discussed later in the results chapters.  
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Figure 1.4 Typical DSC thermograms for (a) a miscible blend, (b) miscible blend close 
to phase separation, (c) partially miscible blend close to complete immiscibility and (d) 
immiscible blend [30]. 
 
 
1.2.2.2 Infrared spectroscopy  
 
Among the spectroscopic techniques used to characterise the miscibility of 
polymer blends, Fourier transform infrared spectroscopy (FTIR) has been shwon to be 
one of the most powerful in examining  the phase behaviour and intermolecular 
interactions in polymer blends [34-36]. Moreover, the miscibility between the 
component polymers in the blends often disturbs the environment of their molecular 
chains, causing variation of intensities and/ or shifts in their characteristic absorption in 
IR spectra. Thus, the infrared spectrum of a blend will be affected by whether the 
components are miscible or immiscible [37]. In an immiscible blend, the two individual 
polymers will act independently. However, in a miscible blend of A and B polymers, a 
single phase is involved, with the polymers closely mixed. Thus, the spectrum of the 
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blend will be very different from the spectrum of the two components, due to frequency 
shifts and band broadening from intermolecular interactions and changes in polymer 
chain conformation. The comparison of the blend spectrum with spectra of the two 
components can give an insight into those spectral features which are due to 
intermolecular interactions. Additionally, FTIR can help to identify the interaction 
mechanism between the components in the blend [30]. For instance, in a PS/PVME 
blend, the change in miscibility behaviour between PS and PVME can be detected by 
monitoring the changes occurring in the position and intensity of C-H out-of-plane 
vibration of the phenyl ring at 698 cm-1 and the COCH3 vibration of PVME (at 1085 
and 1107 cm-1) [38, 39] . 
 
FTIR measurements of polymer blends are excellent ways to investigate the 
presence and strength of the interactions occurring between the components [34-36]. 
For example, FTIR measurements of poly(4-hydroxystyrene), P4HS, blends have 
provided excellent proof of the capacity of FTIR to investigate the presence  and 
strength of hydrogen bond interactions in these blends [40-46]. Moreover, FTIR studies 
of the effect of hydrogen bonding interactions in P4HS blends on the carbonyl (1650-
1800   cm-1) and hydroxyl (3100-3700 cm-1) regions of the IR spectra give accurate 
information on the contribution of free, intra, and inter-association hydrogen bond 
vibration [42]. The effect of temperature on the miscibility of polymer blends has also 
studied using FTIR [34, 43, 47]. Serman and co-workers [43] used FTIR to calculate the 
hydrogen bonding fraction at different temperatures for P4HS/poly(n-alkyl 
methacrylate) blends. The results indicated that, for all blend compositions of 
P4HS/poly(methyl, ethyl, and propyl methacrylate) blends, the fraction of hydrogen 
bonding carbonyl groups obtained at different temperatures in the range from 25 to 200 
oC were within 1%, well within the margin of experimental error, reflecting the fact that 
the blends are completely miscible in that temperature range. In marked contrast, the 
results of the calculation of the fraction of hydrogen bonding of P4HS/poly(butyl 
methacrylate), P4HS/PBMA, blends demonstrated that over 15% of the original 
hydrogen bonding carbonyl groups were lost upon heating to 200 oC, suggesting phase 
separation (immiscibility) in P4HS/PBMA blends at elevated temperatures.               
          
1.2.3 The effect of interactions on the miscibility  
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Polymer-polymer interactions can be exploited to enhance polymer miscibility. 
For example, the interactions in PS/PVME are weak van der Waals interactions between 
the methoxyl group of PVME and the PS phenyl ring [48-50]. Nevertheless, there are 
some factors which can change the PS/PVME blend from a miscible to an immiscible 
blend. The most effective of these is the tacticity. Beaucage and co-workers [51] finding 
that a atactic PS is less miscible with isotactic PVME than heterotactic PVME. 
However, styrene-co-4-hydroxystyrene (SHS) or poly(4-hydroxy styrene) (P4HS), 
which has similar chemical structure to PS (except for the substitution of a hydrogen 
atom on the para position of phenyl ring with a hydroxyl function) has been reported to 
be miscible with PVME over the whole composition range [52-56].  
 
Polystyrene PS is immiscible with PMMA [57], but miscible with P4HS [41-43, 
58]. However, when PS is modified to contain around 4 % or more of HS as a co-
monomer, the free energy change caused by the hydrogen bonding interaction between 
the hydroxyl and carbonyl groups promotes miscibility [58, 59]. 
  
Poly ethylene oxide (PEO) is reported to be immiscible with PS [60]. However, 
P4HS or SHS copolymers are reported to be miscible with PEO over the whole 
composition range [54, 55, 61-68], due to the presence of hydrogen bonds between the 
ether oxygen of PEO and hydroxyl groups of the other polymer. 
  
According to the above brief review, miscibility of polymer blends can be 
achieved via selecting systems in which the components can interact with one another. 
Several specific group interactions have been identified that contribute to a negative free 
energy of mixing and are therefore able  to enhance polymer-polymer miscibility [69]. 
In fact, four classes of specific interactions have been identified:  
 
(1) Ion-Ion interactions: if one polymer involves a specific group that has a negative  
charge and the other polymer involves a specific group that has a positive charge then 
there is a probability for ion-ion interactions, as shown in Figure 1.5 (a). 
 
(2) Hydrogen bonding:  The most common strong interaction in polymers, and one 
that is central to the properties and phase behaviour of a range of important materials, is 
hydrogen bonding. It is one of the most influential interactions to enhance miscibility. 
As shown in Figure 1.5 (b), hydrogen bonding occurs between a proton accepting group 
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and a proton donating group [70-80]. This interaction has been used many times to 
produce miscible blends and thus all the blends in this thesis interact via hydrogen 
bonding. Further information on the hydrogen bonding interaction is presented in a 
separate section (1.2.3.1). 
 
(3) Other interactions: these include dipole-dipole and ion-dipole interactions that  
are illustrated in Figure 1.5 (c). Those interactions are also responsible for polymer 
miscibility [23, 81]. 
  
(4) Dispersive interactions: a good example to understand this type of reaction is that 
between two molecules of benzene. An instantaneous dipole of one benzene molecule 
induces a dipole of another one at a particular time t1. When the dipole of one benzene 
molecule changes, the other changes automatically at t2, these variations are known as 
dispersive interactions (Figure 1.5 (d)) [82].  
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Figure 1.5 Specific interaction in polymer blends.  
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1.2.3.1 Hydrogen bonding interactions  
   
The hydrogen bonding interaction has been defined in two ways; by Coleman et 
al. [34], according to  the effect of the hydrogen bond on the physical properties of a 
material and by Pimental [83], based on its molecular characterisations. 
 
The strength of hydrogen bonds most often lies in the range 1 -10 kcal/mol, 
which is between the covalent bonds which have strength of the order of 50 kcal/mol, 
and the van der Waals attraction which is of the order of 0.2 kcal/mol.  Thus, at room 
temperature, materials in the non-crystalline state, above their Tg , are in a dynamic 
situation, with hydrogen bonds breaking and reforming. For interaction strengths of 3 
kcal/mol, about 1% of interacting units could dissociate at a particular moment. The 
hydrogen bond is dynamic, with the number present dependent on temperature and 
composition. They do not behave like covalent crosslinks [34].  
 
The other definition was introduced by Pimental [83] as follows: hydrogen 
bonds exist between a functional group A-H and atom or a group of atoms B in the 
same or different molecules when there is evidence 
a) of bond formation (association or chelation) 
b) that this new bond linking A-H and B specifically involves the hydrogen atom 
already bonded to A. 
 
The hydrogen bond is linear: A and B are usually only strongly electronegative 
atoms i.e. O, N & F. The nature of the molecules involved can also affect the strength of 
hydrogen bonds. 
 
Characterisation of hydrogen bonds can be difficult, as the position of the proton is 
hard to find by X-ray diffraction and many materials do not form single crystals, 
particularly polymers. Other techniques which can be used are infrared [40-46] and 
Raman spectroscopy [84, 85], and proton NMR [86, 87]. This last technique is used to 
examine the effect of hydrogen bond formation on the chemical shift of the A-H proton. 
The most sensitive of these techniques is infrared spectroscopy and this has been used 
Chapter 1 Introduction  
20 
 
widely to investigate hydrogen bonding in different materials, including polymers [40-
46].    
  
1.2.3.2 Hydrogen bonding studies using infrared spectroscopy 
 
The FTIR spectrum of a miscible  blend usually differs from the spectrum of the 
blend components [37]:  band broadening and frequency shifts can be observed due to 
intermolecular interactions and changes in polymer chain conformation [88].  
 
In miscible blends that have accessible carbonyl groups, the carbonyl stretching 
vibration shifts to lower frequency and broadens. This effect is shown in a range of 
blends [89], such as polyester blends with polyvinyl chloride (PVC) 
styrene/acrylonitrile copolymers, polybis phenol A carbonate, polyhydroxyether of 
bisphenol A and poly(4-hydroxystyrene).  This is normally accepted to be as a result of 
specific interactions, including the carbonyl-hydroxyl bond, which enhance miscibility 
in the blend. Shifts to lower frequencies are often considered to be indicative of the 
formation of a hydrogen bond but the shifts observed will depend on the extent of self-
association in the original components, relative to interactions in the mixture [89].  
 
The size of this frequency shift is a measure of the hydrogen bonding strength. 
An example of this is the study of Li and Brisson into hydrogen bonding in poly(methyl 
methacrylate) (PMMA)/ P4HS blends [90]. These authors reported a strong absorption 
peak at 3460 cm-1corresponding to hydrogen bonding of OH to carbonyl groups, with 
an absence of free OH shoulder at 3530 cm-1. As the temperature is increased, the areas 
of the free OH groups increase and the areas of OH hydrogen-bonded to carbonyls 
decrease. A further example of shifts in OH peaks is given in the spectroscopic 
characterisation of hydrogen bonding in P4HS/PVME carried out by Zhang and co-
workers [91]. The spectrum of P4HS had a band at 3360cm-1 corresponding to 
associated OH moieties and a shoulder at about 3530cm-1, which corresponds to non-
associated OH stretch. The lower frequency band, at 3320cm-1, increased in intensity 
with increasing PVME concentration, and this decreased in intensity with increasing 
temperature. These bands are associated with the OH stretch, hydrogen bonded to ether 
oxygen in PVME.  
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Wang et al. [92] reported shifts to lower frequencies of (∆ν	≅	202cm-1) in the 
OH stretching frequencies relative to the free hydroxyl of hydrogen bond between 
P4HS with nitrogen in poly (4-vinylpyridine) (P4VP). There was also a decrease of both 
the intensities of free and self-bonded hydroxyl groups. This provides evidence that 
intermolecular hydrogen bonding in P4HS/P4VP is stronger than the intra-molecular 
association in P4HS.  
 
Recently, Zhang and co-workers [53] used FTIR to measure the extent of inter- 
and intra-molecular interactions in styrene-co-4-hydroxystyrene (SHS)/poly(vinyl ethyl 
ether) (PVEE) blends. Their results have detected that the intermolecular hydrogen bond 
in the blends, with ∆ν of 225cm-1, is much stronger than the intra-molecular one of 
P4HS (∆ν ≅ 95cm-1). Moreover, the intermolecular hydrogen bonds of P4HS and SHS 
with PVEE have the same strength, due to similar chain structure and the same proton-
donating group of P4HS and SHS.  
   
 To summarise, hydrogen bonding is evidenced by a frequency shift to lower 
wave number values than those observed if the group was free, however, depend on the 
level of self-association in original materials relative to the blend and the size of shift 
gives a measure of the strength of the bonds. The dynamic nature of hydrogen bonding 
means that the peak shifts seen are affected by raising the temperature of the system.   
 
 
1.3. Physical aging studies of polymers and blends  
 
 
1.3.1 Poly (4-hydroxystyrene) 
 
P4HS is quite important polymer due to firs the hydroxyl groups of P4HS can 
act as proton donor form strong interactions with other proton acceptor polymers; and 
second, the hydroxyl group in P4HS can act as both proton donor and acceptor, forming 
self-associated hydrogen bonds between either two P4HS repeat units of the same chain 
(intra-chains) or two adjacent ones (inter-chain). Recently, Tang and co-workers [93] 
have made brief mention to the application of P4HS as a valuable material in 
semiconductor and photoresistant  applications [93]. More recently, an interesting paper 
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has been published on the application of P4HS [94]. Using of an ultrathin insulating 
polymeric layer of P4HS as interfacial layer between the polymer, fullerene photoactive 
layer, and the Al electrode led to enhanced power conversion efficiency (PCE) in a 
bulk-heterojunction of organic photovoltaic cells. 
 
Although those applications described above require long-term stability. 
However, there are just two publications have been focused on the prediction of long-
term thermal stability of P4HS homopolymer[18, 95]. Enthalpy relaxation results by 
Yoshida et al. [95] indicate that the ''enthalpy relaxation is caused by restriction of 
segmental motion of the main chain'', and the difference in enthalpy relaxation between 
P4HS and PS could be attributed to the presence of hydrogen bonds in P4HS, which 
should interrupt the thermal motion of the chain and thus hinder relaxation [95]. On the 
other hand Brunacci et al. [18] suggest that enthalpy relaxation is dependent  on the 
rearrangement of chain segments, during that the hydrogen bonds are disrupted; 
however due to the high  hydroxyl group density the same number of hydrogen bonds 
are again formed, leading to an increase in the barrier energy and thus an increase in 
enthalpy relaxation values in comparison with those of PS. Regarding relaxation times, 
these results indicated that P4HS relaxes faster than PS, which contradicts the general 
belief that the hydrogen bond interactions dominate molecular motion. Assuming that 
the relaxation rate increases with increasing of repulsive energy originated by 
unfavourable positions of hydroxyl groups; it is justified to expect a faster relaxation 
rate in the case of strong interaction. 
 
 
1.3.2 Polyethylene oxide  
 
Polyethylene oxide, PEO, is semi-crystalline polymer that has been used as 
retention aid  in newsprint mills [96] and also for medical applications, such as a tablet 
binder for direct compression, a thickening agent, a tablet coater, and mucosal bio-
adhesive [97]. The retention efficiency of PEO is maximized by adding phenolic 
compounds that appear to interact strongly with PEO and allow it to bridge between the 
adjacent solid materials [97].  
 
Although most of the applications described above require long-term stability; 
amorphous and partially amorphous polymers are not in thermodynamic equilibrium 
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and usually undergo physical aging. This is shown in both volume and enthalpy 
relaxation, leading to serious structural changes in the materials [7]. 
 
Physical aging studies of some PEO blends have been conducted [68, 98-101], 
physical aging study of pure PEO are rare [102, 103]. The first study of PEO relaxation 
was carried out using broadband dielectric spectroscopy [102]. This study focused on 
the relaxation of the crystal-amorphous interphase that exists between the disordered 
amorphous phase and the ordered crystalline lamella. The other study focused on 
monitoring the decrease and increase of the life time as a function of storage time. The 
results of that paper indicated that the mean free volume hole decreases with increasing 
crystallinity, and so there is a lack of space for molecules to move into, hindering the 
polymer’s move towards equilibrium and therefore reducing the effect of aging [103]. 
In other words, the relaxation time decreases with increasing polymer crystallinity.  
 
 
1.3.3 Poly(ethyl methacrylate)  
 
Physical aging studies of poly(ethyl methacrylate) (PEMA) are also rare [104]. 
Beiner et al. have studied the effect of physical aging on the dynamic shear modulus 
near the onset of the α-relaxation in the splitting region (α+β) of PEMA. The results 
indicated that annealing leads to a shift of the α-relaxation towards equilibrium, which 
means longer relaxation times with increasing aging time. However, at very low aging 
temperature (below Tg-20), equilibrium cannot be reached in practicable aging times 
(ta< 1200min) [104].   
 
 
1.3.4 Poly (4-vinylpyridine)  
 
 Although to date there is no physical aging publication on poly (4-vinylpyridine) 
(P4VPy), enthalpy relaxation data are available for  poly(2-vinylpyridine) (P2VPy) 
[105] which differs from P4VPy only in the placement of the nitrogen atoms in the 
pyridine ring. Enthalpy relaxation results indicate that the aging time required for 
P2VPy to reach the equilibrium state is dependent on aging temperature as expected: 
where Ta = Tg-20, the polymer reached equilibrium after 100h; however, at Ta = Tg-10 
the required aging time to reach to equilibrium state was just 5 h.    
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1.3.5 Polymer blends  
 
The first comprehensive study of physical aging in a miscible blend was 
supported by Cowie and Ferguson [106] using enthalpy relaxation as a function of 
physical aging of PS/PVME. Their results indicated that the PS/PVME blend relaxes 
more slowly than PVME. Furthermore, the lower Tg component (PVME) appears to be 
responsible for most of the aging effects measured, whereas PS, which has higher Tg, 
provides only a minor contribution to aging. Values of segmental activation energy, 
〈Ea〉, for the blends were slightly higher than those of PVME, while for PS, those values 
were much higher, which indicates PVME dominates the aging process [2]. Another 
system subject to enthalpy relaxation studies is the PVC/PMMA blend [107]. It was 
found that the enthalpy relaxation values of the PVC/PMMA blend were approximately 
in between those of PVC and PMMA. Although interactions in PVC/PMMA are similar 
to those of a PS/PVME blend, the enthalpy relaxation results of PVC/PMMA are in 
conflict with those of PS/PVME. This is likely due to small differences between the 
glass transition temperature of PVC and PMMA compared with the big difference in the 
glass transition of PS and PVME [108].  
 
Few reports of the effect of hydrogen bonding on the physical aging of polymer 
blends have been published. Most of those studies have come from Cowie and co-
workers, who examined the enthalpy relaxation of blends [109, 110] and copolymers 
[17] with a group of varying hydrogen bond strengths. The enthalpy relaxation study by 
Arrighi et al. of P4HS/PVME blends at different compositions [110] is a perfect 
example of the effect of interactions on physical aging. It was mentioned previously that 
the hydrogen bond strength in P4HS/PVME increases with increasing PVME content. 
Moreover, positron annihilation lifetime spectroscopy, PALS, [110] suggests that at the 
ideal blend composition of 59/41 mole% P4HS/PVME, the free volume is a minimum, 
for  both components. This indicates a close-packed blend structure which is the result 
of strongly interactive components. The authors report average relaxation times, derived 
from enthalpy relaxation using CF parameters, and the results indicated that the 
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relaxation time rate increases with the increasing the strength of hydrogen bonding in 
the blend. Thus, the slowest relaxation rate is measured at 59/41 blend composition, 
where the free volume is minimized and the hydrogen bonding is at maximum. 
 
Another system blend which has been the subject of an enthalpy relaxation study 
is the P4HS/PMMA blend [109]. The results of that study have indicated that the 
P4HS/PMMA blend relaxed more slowly than PMMA, but faster than pure P4HS. 
These results for P4HS were in contrast to  those published by Brunacci et al. [18]. 
However, we will leave the discussion here, but it will form part of the results chapters 
in this thesis.  
 
P4HS/PEMA blends are also other system of P4HS; however most of the studies 
published have focussed on blend miscibility, such as the effect of temperature [43] or 
the effect of blend composition on miscibility [111].  
 
     Recently, Zhang et al. [112] demonstrated that for all blends compositions a 
single α-process founded in the temperature range where α  and β relaxation are 
separated. This confirms the P4HS/PEMA blend is a miscible system in the composition 
range. This study also provided other important information on P4HS/PEMA blends, 
where, although hydrogen bonding increase the ΔCp and intermolecular coupling. 
However, the present of hydrogen bonding between P4HS and PEMA has no effect on 
relaxation behaviour. Moreover, the correlation between fragility and thermodynamic 
properties is invalid in hydrogen bonded P4HS/PEMA blends.  
  
The prediction of long term thermal stability of P4HS/PEMA blends is also 
quite an important property; however, to date, there is no aging study on P4HS/PEMA 
blends.  
 
P4HS/PEO blends are one of the phenolic blends as well, and are a perfect 
example to show the effect of hydrogen bonding interactions on miscibility. Physical 
mixing of PEO with P4HS or –HS copolymers will cause hydrogen bonding between 
the oxygen atoms in PEO and the hydroxyl groups of –HS copolymers or the P4HS neat 
polymer. These bonds have been reported to be stronger than the self-association of 
hydroxyl groups (Figure 1.6).  Most previous studies of this system have concentrated 
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on the effect of hydrogen bonding interactions on miscibility behaviour [54, 66, 113, 
114]. The effect of hydrogen bonds on the rheological behaviour has also been studied 
[63]. However, although P4HS/PEO blends are used as a retention aid in newsprint 
mills [96], and applications like this  requires long-term stability no physical aging 
study is recorded in the literature up to date. 
 
   
 
 
 
 
 
 
 
 
 
 
Figure 1.6 Interaction in P4HS/PEO blends  
 
 
P4HS/P4VPy blends are other different system of P4HS interactions. The 
miscibility has been studied earlier by Meftahi and co-workers [115]. DSC 
measurements demonstrated that P4HS/P4VPy blends are miscible over the entire range 
of composition as result of single glass transition temperature. The interaction strength 
between P4HS and P4VPy has also been studied using X-ray photoelectron 
spectroscopy [116]. The results confirmed that the interactions in the P4HS/P4VPy 
blend are stronger than those in P4HS. 
 
Recently, Wang and co-workers have reported that when the Tgs of the two 
constituent components are too close and the difference is less than 10oC, as with P4HS 
and P4VPy, it is impossible to identify whether there are two or one Tg in the blend. 
Therefore, the miscibility cannot be judged for such systems. They thus used 13C solid-
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state nuclear magnetic resonance (NMR) for investigating the scale of miscibility of 
P4HS/P4VPy [92].  
 
All studies have focused on the effect of hydrogen bonding strength on 
miscibility and phase behaviour of P4HS/P4VPy blends. To date no publication has 
been submitted on the physical aging of these blends.   
 
 
1.4 Objective and scope of this thesis 
 
This thesis reports physical aging studies as a function of both aging temperature 
and blend composition for a series of miscible systems (i.e. P4HS/PEMA, P4HS/PEO, 
P4HS/P4VP, SHS/PMMA, SHS/PEMA, SHS/PVME, and SHS/PEO). Measurements of 
enthalpy relaxation are also carried out on P4HS, PEMA and P4VPy homopolymers. 
One reason for re-measuring the enthalpy relaxation of P4HS is that to date there have 
been  only two papers that report enthalpy relaxation data of P4HS [18, 95]. However, 
there is a discrepancy between the results of these two papers, as mentioned in section 
1.3.2.2. Thus it was necessary to carry out enthalpy relaxation measurements in an 
attempt to confirm the situation. Results are discussed in Chapter 3 in addition to the 
effect of dilution of hydrogen bonds (i.e. SHS copolymers) on the enthalpy relaxation 
process. 
 
  Chapter 4 deals with the behaviour of P4HS/PEO and P4HS/PEMA blends. 
First, the effect of composition on hydrogen bond strength, secondly is discussed, 
followed by a discussion of the effect of temperature on the strength of the hydrogen 
bonding, and finally, the effect of hydrogen bond strength on the relaxation process in a 
polymer blend. Moreover, in that chapter physical aging measurements of a stronger 
hydrogen bonding system (i.e. P4HS/P4VP blends) are reported. The interesting feature 
of P4HS/P4VP complexes is that the glass transition temperature of polymer complexes 
is significantly higher than the Tg of the pure components [92, 115, 117]. Thus, that 
chapter will report measurement of enthalpy relaxation of a 1:1 molar ratio P4HS/P4VP 
blend, in an attempt to investigate aging when the blend has maximum number of 
coupling pairs of the hydrogen bonds. 
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The fifth chapter will discuss the physical aging of SHS/PEO, SHS/PVME, 
SHS/PMMA, and SHS/PEMA blends. One reason for choosing these systems is to 
investigate the effect of dilution of hydrogen bonds between hydroxyl groups of P4HS 
by styrene units.  
The second reason for choosing  these systems was for comparison with the enthalpy 
relaxation work carried out on P4HS/PEO and P4HS/PEMA in Chapter 4  and  with 
work carried out on P4HS/PMMA and P4HS/PVME previously in our laboratory [109, 
110] . 
  
Regarding the experimental part, this research will try to synthesise partially 
deuterated P4HS polymer (d-P4HS, deuterated in the aromatic ring), that would be to 
use in neutron scattering measurements to investigate the dynamic behaviour of H-
bonded blends, particularly changes in PEO dynamics in blends with P4HS. The idea is 
to synthesise d-P4HS from PS-d according to the published papers of Nasrullah et al. 
[118] and  Deokar et al. [119],  who used PS to synthesise hydrogenated P4HS.  
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2.1 Instrumentation   
 
2.1.1 Differential scanning calorimetry (DSC) 
 
The initial polymer glass transition, Tg was determined using a TA Instruments 
DSC 2010 Differential Scanning Calorimeter.  Nitrogen was used as the purge gas, 
liquid nitrogen and air as coolants.  Sample sizes ranged from 7 – 15 mg and a heating 
rate of 20 K/min was usually employed.  The reported Tg (midpoint) values were 
usually the average values based on the second and third runs. However there are some 
exemptions such as P4HS that took many runs (up 10 runs) to reach constant Tg 
(midpoint) value.  
 
Glass transition values and enthalpic relaxation data of the  pure polymers, 
copolymers and blends were obtained using a Perkin-Elmer Pyris 1 DSC.  For these 
measurements nitrogen was used as a purge gas and a water coolant system was in 
place. Sample sizes ranged from 8 - 15 mg, a heating rate of 20 K/min and cooling rate 
of 40 K/min were used throughout.  The Pyris 1 DSC was interfaced to a PC, which was 
used to control the DSC instrument as well as to process and analyse the data.  Data 
collection and analysis was achieved using software developed by Dr Roderick 
Ferguson. 
 
A series of three scans were recorded in order to determine Tg values. The 
reported Tg values were obtained from an average of the last two scans.  The procedure 
of Richardson and Savill [120] was used in this work to calculate Tg.  The Cp curves 
were transformed into enthalpy curves and the point of intersection of the liquid and 
glassy enthalpy lines extrapolated into the transition region was taken as the Tg (mid-
point). This value is independent of the scanning rate and is deemed more accurate. 
 
The signal produced by the DSC corresponds to the differential power, usually 
expressed in mJs-1, required to keep a sample and a reference at the same temperature 
while they are heated or cooled at fixed rate. The signal produced by the DSC is of 
similar shape to the Cp-temperature curve of the sample but the units in which it is 
expressed need to be transformed into Jg-1K-1.  To do this,  the signal of a standard with 
a known Cp is compared within the same range of temperature. Sapphire is the most 
common Cp reference and it was used throughout this work as a result of its high 
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reproducibility and thermal stability. Moreover, Indium was also used here for 
temperature calibration. Since there are several other contributions to the shape of the 
experimental curves, a baseline scan is subtracted from both sample and sapphire scans. 
The baseline gives different contributions, mostly depending on the temperature range, 
but in the ideal it should be an almost flat line. The sample Cp is calculated using the 
following equation: 
 
ܥ௣	௦௔௠௣௟௘ ൌ ܦ௦௔௠௣௟௘݉௦௔௣௣௛௜௥௘ܥ௣௦௔௣௣௛௜௥௘݉௦௔௠௣௟௘ܦ௦௔௣௣௛௜௥௘ 																																ሺ2.1ሻ 
 
where Di is the DSC deflection after subtracting the baseline and mi is the weight in 
grams of sample and sapphire.  
 
 
2.1.1.1 Defining an aging profile 
 
Identical automated thermal treatments were applied to each sample and a typical 
aging profile is described below, where T2 is Tg + 50K and T1 is Tg – 60 K.  This is 
shown schematically in Figure 2.1. 
1. Heat to T2 at 320 K /min. 
2. Hold at T2 for 10 min. 
3. Cool from T2 to Ta at 40 K /min. 
4. Hold at Ta for 10 min. 
5. Cool from Ta to T1 at 40 K/min. 
6. Hold at T1 for 5 min. 
7. Heat from T1 to T2 at 20 K/min. 
8. Hold at T2 for 2 min. 
9. Hold at T2 for 10 min. 
10. Cool from T2 to T1 at 40 K/min. 
11. Hold at T1 for 5 min. 
12. Heat from T1 to T2 at 20 K/min. 
13. Hold at T2 for 2 min. 
14. Hold at T2 for 10 min. 
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In essence, steps 1 and 2 remove all previous thermal history in the samples. Steps 3 to 
8 produce the aging of the sample and the resulting aged scan.  Finally, steps 9 to 14 
result in the recording of the unaged (reference) scan.  The same sample was used for 
aging in all cases. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Schematic of thermal history used in aging experiments (See page 31), ta is 
an aging time.  
 
 
2.1.1.2 Processing of aging data 
 
Several programs were developed during the course of the project by Dr 
Roderick Ferguson in order to process the aging data collected using the Pyris 
instrument. The enthalpic Tg (Tg (mid-point)) is determined using the !average- Cp 
program, which is also used to calculate ΔT and ΔCp.  The heat capacity files can be 
viewed with !Plot_Cp, and the enthalpy lost at each aging time in an experiment 
(∆H(Ta, ta)) is determined using !Int_ΔCp.  Once all the enthalpy values have been 
calculated at a particular Ta, the data are curve-fitted to the Cowie-Ferguson enthalpy 
relaxation model using the !Sci_Model program.  The resulting data set plus the model 
curve can be displayed graphically by using! Sci_Graph.  
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2.1.3 Fourier transform infrared spectroscopy (FTIR) 
 
All infrared spectra were recorded on a Perkin Elmer RX FTIR spectrometer.  
The polymer was dissolved in a suitable solvent, such as tetrahydrofuran, cast on a 
NaCl disk and allowed to dry under a high power lamp to provide a thin film.  
Resolution of the instrument was set at 2 cm-1 and a minimum of 64 scans were taken. 
Spectra at elevated temperature (50 to 150 oC) were collected by using a SPECAC high-
temperature cell, mounted in the spectrometer, with an accuracy of ± 2 oC.  
 
    
2.1.4 1H Nuclear magnetic resonance (NMR) spectrometry 
 
Proton NMR spectra were recorded on a Bruker WP-200SY FTNMR 
spectrometer at a frequency of 200 MHz.  The instrument was operated in its standard 
mode. Chemical shifts were measured in ppm on a micro scale downfield from 
tetramethylsilane as an internal standard.  Deuterated chloroform and DMSO-d6 were 
used as the solvents for the styrene-4-tert-butoxystyrene (StBuS) and SHS copolymers, 
respectively.  Deuterated chloroform was used for the PMEMA copolymers.    
 
 
2.2 List of chemicals 
 
Standard laboratory chemicals were used for all syntheses and sample 
preparations. The source and purity of these chemicals are given below.  
, -azobisisobutyronitrile (AIBN)   Sigma Aldrich (98%) 
4-tert-butoxystyrene      Sigma Aldrich (99%) 
Styrene       Sigma Aldrich (99%) 
Sodium hydroxide      BDH Laboratory Supplies 
Anhydrous MgSO4      BDH Laboratory Supplies 
Xylene   Sigma Aldrich (98.5%) 
Oxygen free N2 gas   BDH Laboratory Supplies 
Liquid N2        BDH Laboratory Supplies 
Methanol        Fisher Scientific (99.5%)  
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Tetrahydrofuran (THF)           BDH Laboratory Supplies 
Hydrochloric acid (HCl)        Sigma Aldrich (36%) 
Dimethyl sulfoxide-d6 (DMSO)        BDH Laboratory Supplies 
Acetone for HPLC grade        Sigma Aldrich (36%) 
Hexane for HPLC        BDH Laboratory Supplies 
Chloroform       BDH Laboratory Supplies 
Chloroform-d       BDH Laboratory Supplies   
Ethyl methacrylate      Sigma Aldrich (99%) 
Methyl methacrylate      Sigma Aldrich (99%)       
Poly(4-hydroxystyrene) (P4HS)      Polysciences, Inc. 
Polyethylene oxide (PEO)      Sigma Aldrich  
Methyl ethyl ketone (MEK)        BDH Laboratory Supplies 
Poly(methyl methacrylate)      Sigma Aldrich  
Poly(ethyl methacrylate)     Sigma Aldrich 
 
   
2.3 Synthesis of styrene-co-4-hydroxystyrene (SHS) copolymers 
 
 
2.3.1 Synthesis of styrene-co-4-tert-butoxystyrene (StBuS) copolymers 
 
            Styrene and 4-tert-butoxystyrene monomers were first washed with 0.1M NaOH 
solution to remove the phenolic inhibitor and then with distilled water.  Both monomers 
were then dried over anhydrous MgSO4. 
  
Solutions of styrene, 4-tert-butoxystyrene (tBuS) and 2,2’-azo-bis-
isobutyronitrile (AIBN) in ~ 10 mL of xylene and with an initiator concentration of 
approximately 1.56 mole % relative to total monomer content, were placed in a 
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polymerisation vessel and degassed by three freeze-pump-thaw cycles.  They were 
subsequently heated in vacuo at 60 0C for up to 4 hours in a thermostatically controlled 
water-bath.  A total monomer weight of approximately 10 g was used. 
 
The monomer and initiator contents are given in Table 2.1. This produced 
monomer feed ratios of 0.30 (StBuS 1), 0.50 (StBuS 2), and 0.70 (StBuS3) in mole 
fraction of tBuS. 
 
Table 2.1:  Quantities of reactants used in the preparation of StBuS copolymers 
 StBuS1 StBuS2 StBuS3 
 Mass 
(g) 
m moles Mass 
(g) 
m moles Mass 
(g) 
m moles 
tBuS 3.804 21.58 6.365 36.10 8.876 50.36 
S 5.239 50.30 3.727 35.80 2.245 21.56 
AIBN 0.184 1.12 0.184 1.12 0.184 1.12 
 
 
Following polymerisation, each solution was precipitated drop-wise into ~300 mL of 
methanol.  The resulting solid polymers were re-precipitated from chloroform into 
methanol. They were dried under vacuum 85 °C for 24 hours to provide the copolymer 
as a white solid (1.2 g, 12% conversion). 
 
FTIR: 1365/1388 (tert-butyl bands), 1236 (ph-O stretch), 1162, cm-1 (tBu-O 
stretch). 1H NMR (CDCl3, 200 MHz):  =1.1–1.6 (broad s, backbone CH2), 1.6–2.2 
(broad s, backbone CH), 6.2–6.85 (broad s, 3H, Ar), 6.85–7.2 (m, 1.5H, p-S), 9.00 (s, 
0.5H, ph–OH) (for proton assignments refer to Figure 2.4). 
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Figure 2.3 FTIR spectrum of poly(4-tert-butoxystyrene-co-styrene) with 70 mole-% 
tBuS in the feed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 1H NMR spectrum of poly(4-tert-butoxystyrene-co-styrene) with 30 mole-% 
tBuS in the feed. 
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where A corresponds to aliphatic protons and B corresponds to aromatic protons. 
 
StBuS copolymer compositions  were determined using 1H NMR spectra 
following the method described by Xu et al.[121]  Copolymer compositions (FtBuS) 
listed in Table 2.2 are almost identical to the monomer feed ratios (ftBuS).  
 
Table 2.2: StBuS copolymer compositions determined from 1H NMR spectra. 
Copolymer ftBuS FtBuS 
1H NMR 
Mw PDI 
StBuS1 0.30 0.28 79,606 1.62 
StBuS2 0.50 0.51 88,832 1.50 
StBuS3 0.70 0.73 67,638 1.55 
 
2.3.2 Hydrolysis of styrene-co-4-tert-butoxystyrene copolymers 
 
Several procedures have been used in order to convert   StBuS to SHS 
copolymers as described below. 
 
Procedure 1  
 
The hydrolysis reaction was carried out in THF using conc. HCl as the 
hydrolytic agent [122]. For 1.3g StBuS 20 ml THF solvent and 2 ml conc. HCl were 
used.  The reaction was allowed to proceed for up to 20 hours at reflux temperature 
(Schematic 2.1). 
 
The reactions were monitored by following the disappearance of tert-butyl bands 
at 1365 and 1388 cm-1 in the FTIR spectrum (Figure 2.5). Following complete 
hydrolysis, each copolymer solution was concentrated to approximately 7ml and 
precipitated drop-wise into 10% HCl aqueous solution (~166ml) the resultant polymer 
was re-dissolved in THF and re-precipitated into 10% HCl aqueous solution. The 
precipitate was filtered off, rinsed with H2O several times and left to evaporate 
overnight, followed  by 24 hours at 60°C and a further 30 minutes at 130°C in vacuum 
oven.  
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Schematic 2.1 
 
The 1H NMR spectrum of the SHS copolymers showed the presence of 
impurities (Figure 2.6) such as residual THF (CH2,  =1.76 and CH2O,  =3.60) and 
H2O (   =3.33). Therefore, to remove the residual solvents, it proved necessary to re-
dry the copolymer samples at higher temperature (i.e. 145 о C) for  longer times. 
Unfortunately, the  samples after having been heated to high temperature were no longer 
soluble  in DMSO-d6 or any other NMR solvent.              
 
 
 
Figure 2.5 FTIR spectrum of a styrene-co-4-hydroxystyrene with 70 mole-% HS in the 
 feed.  
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Figure 2.6 1H NMR spectrum of a styrene-co-4-hydroxystyrene with 70 mole-% HS in 
the feed. 
 
Procedure 2  
 
The hydrolysis reaction was carried out as in the equation below  (Schematic 
2.2) by dissolving 1.3g of StBuS copolymer in toluene /methanol (70/30 vol.-%, 7 ml) 
and then concentrated sulphuric acid (97%, 5 mol-% to tBuS unit) was added as the 
hydrolytic agent [123]. The mixture was stirred at 60 oC overnight under N2 
atmosphere, and then for neutralization a 50% -sodium lactate aqueous solution was 
added.   The reaction mixture was poured into pentane and filtered off, rinsed with 
pentane several times and left to evaporate overnight, followed by 24 hours at 60 °C and 
a further 30 minutes at 110 °C in vacuum oven.  
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Schematic 2.2 
   
FTIR spectra (Figure 2.7) confirmed that the deprotection had occurred as shown by the 
disappearance of the peaks corresponding to the tert-butoxy groups at 1365 and 1388 
cm-1.  NMR spectra were not collected for these samples as they were found insoluble 
in common 1H NMR solvents. 
 
  
Figure 2.7 FTIR spectrum of styrene-co-4-hydroxystyrene copolymer with 70 mole-% 
HS in the feed. 
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Procedure 3 
  
0.5 g StBuS was dissolved in 18 ml acetone (HPLC grade) and then concentrated HCl 
(3ml) was added. The reaction was heated to reflux at 50oC (Schematic 2.3).  
The conversion was allowed to proceed overnight with stirring; followed by slow 
cooling to room temperature. The solution was poured into excess hexane (20 times) to 
precipitate the copolymer. The sample was filtered, re-washed in hexane, then filtered 
and left in the fume-cupboard overnight to evaporate most of the solvent. The residue 
was dried in a vacuum oven for 4 hours at 85oC. The sample was readily dissolved in 
DMSO-d6 and H1 NMR result indicated that the impurity have all been reduced (Figure 
2.8).  
 
 
 
 
  
Schematic 2.3 
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Figure 2.8 H1NMR spectrum of a styrene-co-4-hydroxystyrene with 70 mole-% HS in 
the feed. 
 
 
2.3.3 Synthesis of poly (methyl methacrylate -co- ethyl methacrylate) (PMEMA) 
 
           Methyl methacrylate (MMA) and ethyl methacrylate (EMA) monomers were 
first washed with 1M NaOH solution to remove the inhibitor (i.e. monomethyl ether 
hydroquinone), followed by washing with 1M HCl and then H2O.   
The final aqueous layer was tested with litmus paper to ensure that no acid or base was 
left trapped in the monomers. MgSO4 was used to dry the organic layer.  
Solutions of MMA and EMA monomers with AIBN (0.5 mole-% relative to total 
monomer content) as initiator were added in a polymerisation tube.  
The polymerisation tube was sealed, purged with N2 gas for 2-3 minutes and placed in a 
water bath at 60oC for 30 min. The reaction was then cooled rapidly to stop further 
polymerisation.  
The monomer and initiator contents are given in Table 2.3. This produced monomer 
0123456789
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feed ratios of 0.80 (PMEMA 1), 0.53 (PMEMA 2), and 0.22 (PMEMA 3) in mole 
fraction of MMA. 
 
Table 2.3:  Quantities of reactants used in the preparation of PMEMA copolymers 
 PMEMA 1 PMEMA2 PMEMA3 
 Mass 
(g) 
m moles Mass 
(g) 
m moles Mass 
(g) 
m moles 
EMA 4 35.05 10 87.61 16 140.18 
MMA 16 159.81 10 99.88 4 39.95 
AIBN 0.159 0.00097 0.154 0.00094 0.148 0.00090 
 
 
Copolymer samples were precipitated into methanol, filtered, dissolved in chloroform 
and then re-precipitated in methanol. Copolymers were dried in a vacuum oven at 80 oC 
for 24 hours.  
 
            Analytical data are presented for the PMEMA 2 copolymer (Figure 2.9). 1H 
NMR (CDCl3, 200MHz), : 1.35 ( broad s, backbone CH2), : 1.85 ( broad s, backbone 
CH), 3.39 (s, -OCH3), 3.76 (s, -OCH2). Copolymer compositions were determined using 
1H NMR in CDCl3 by comparing the peak area of the -OCH3 (3 protons) group at 
3.39ppm with the peak area of the -OCH2 (2 protons) groups at 3.76 ppm.  
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Figure 2.9 1H NMR spectrum of PMEMA 2 
 
 
2.4 Poly(4-hydroxystyrene) deuterated 
 
 
2.4.1. Synthesis of deuterated polystyrene (PS-d5) 
 
The Willenberg [124] procedure was used to synthesise deuterated polymers, PS. 
This consisted of the following steps: 
 
1- Dissolve 0.5 g of polystyrene in 4.5 g benzene-d6 to obtain a 10 wt% polymer 
solution.  
2- For 1g from above solution added 0.144 ml from a 1 M ethylaluminum 
dichloride solution (17.4 wt% = 1 M, for the calculation see appendix). 
3- As co-catalyst 20 μl of water were added until the solution was yellow-orange in 
colour. 
4- The solution was left stirring slowly at room temperature for 4 h. 
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5- To destroy the catalyst excess water was added (≈ 30μl). 
6- The polystyrene was precipitated in 20 times methanol while stirring and freed 
from residuals of catalyst with methanolic HCl (≈ 1 ml). 
   
The procedure gave good results with PS. Figure 2.12 (a, b) shows the 
1H NMR spectra of PS and PS-d (CDCl3 as solvent), respectively. As shown in 
Figure 2.12, the peaks corresponding to protons in the aromatic group which are 
present in spectrum (a) are no longer evident in Figure 2.12 (b). The integration 
values indicate that all protons on the benzene ring have been replaced by 
deuterium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figure 2.12(a) 
 
 
 
 
 
 
0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5
 1.0 
 1.7 
Chemical Shift (ppm)
(a) 
Chapter 2 Experimental techniques  
47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12(b) 
Figure 2.12 (a) and (b) 1H NMR spectra of PS before and after deuteration, respectively 
 
 
2.4.2. Synthesis of deuterated poly(4-acetylstyrene)  (ACPS-d4) 
 
Polystyrene-d5 2.60 g was dissolved in 25 ml cyclohexane. A three-necked 
round–bottom flask equipped with a condenser, dropping funnel, and magnetic stirrer 
was placed in a hot bath at 55 ○C. AlCl3 (6.7 g) and 25 ml cyclohexane were added and 
the mixture was stirred vigorously. To this solution (3.5 ml) acetyl chloride (CH3COCl) 
was added drop-wise. The reaction mixture turned yellow, with the evolution of 
hydrogen chloride (HCl) gas during the addition. The reaction was continued for 7 
hours until the evolution of hydrogen chloride had ceased. The reaction was stopped, 
and cyclohexane was removed by rotary evaporation. The residue (light yellow) was air 
dried overnight and transferred into a beaker containing 100 g crushed ice and 5 ml 
hydrochloric acid.  The precipitate was filtered, dried in vacuum oven at 80 ○C for 2h 
(aluminium chloride decomposed and the polymer was obtained as a yellow precipitate) 
and then dissolved in 6.5 ml acetone, and precipitated in water.  
 
                                 
    
  . 
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       The Suspension was dissolved in 5.5 ml THF and then precipitated in methanol. 
Yield: 2.80 g (77.7%). Figure 2.13 shows FTIR spectrum ν(cm-1) of ACPS-d4: 2923, 
2845 alkyl (C-H), 2272 (C-D aromatic), 1677 (C=O) and 1576 (Ar-C=C). 1H NMR 
spectrum is shown in Figure 2.14. The 1H NMR spectrum of ACPS-d4, when compared 
to PS-d5 shows a new signal at 2.5pmm which is attributed to the methyl (CH3) protons 
of acetyl moiety and a new signal due to the protons ortho to acetyl group appears 
around 7.53 ppm; however, in the aromatic region, the broad signal intensity at 7.20 
ppm is reduced.  
Figure 2.13 FTIR spectrum of ACPS-d4 
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Figure 2.14 1H NMR spectrum of ACPS-d4 
 
 
2.4.3. Oxidation of poly(4-acetyl styrene)-d4  
 
Poly4-acetyl styrene-d4 (ACPS-d4) (1.0 g, 6.66 mmol) was dissolved in 25 mL 
CHCl3. This was added to an oxidizing solution consisting of 5 mL of acetic anhydride, 
5 mL 30% H2O2, and trace amounts of concentrated H2SO4 (as the catalyst) and 
refluxed for 142 h at 85○C. At the end of every 12 h, 2.5 mL of acetic anhydride and 2.5 
mL of H2O2 were added. After 142 hours the reaction was stopped, the organic layer 
was separated with a separating funnel and precipitated into 20 times methanol. The 
precipitate was filtered and dried under vacuum. Yield: 1.3 g (63%). FTIR spectrum ν 
(cm-1) of PAS-d4 are plotted in Figure 2.15: 3024 (Ar- C-H), 2965, 2845 alkyl (C-H), 
1720 (O-C=O). The FTIR spectrum showed the appearance of a new peak at 1720 cm-1 
as a result of new ester C=O stretch (for the acetoxy group), instead of aromatic ketone 
C=O stretch of acetyl group at 1670 cm-1. The appearance of broad peak at 3430 cm-1 
indicates that part of PAS-d has converted to P4HS-d, and for this reason was very 
difficult to measure 1H NMR spectrum.   
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Figure 2.15 FTIR spectrum of PAS-d4  
 
 
2.4.4 Hydrolysis of deuterated poly(4-Acetoxystyrene) (P4AS-d4) 
 
 Poly(4-acetoxystyrene)-d4 (50 mg, 0.30 mmol) was dissolved in 2 mL of 
acetone. To this mixture 0.3 mL of concentrated HCl was added. The mixture was 
stirred at 50 ○C overnight under reflux, followed by cooling to room temperature. The 
mixture was poured into hexane to precipitate the polymer. The precipitate was filtered, 
re-dissolved in hexane and then left in the fume-cupboard overnight to evaporate most 
of the solvent. The solid polymer was dried in a vacuum oven for 4 hours at 85 ○C. 
Yield 25 mg (67%). Figure 2.16 shows FTIR spectrum ν(cm-1) of P4HS-d4: 3024( Ar- 
C-H), 2923, 2845 alkyl (C-H), 3300-3500 (OH). The strong carbonyl absorption peak at 
1720 cm-1 has disappeared. A 1H NMR spectrum (Figure 2.17) also confirms that all 
PAS-d has converted to P4HS-d, where there is not appearance of strong signal at 2.25 
ppm of acetoxy methyl group.      
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Figure 2.16 FTIR spectrum of P4HS-d4  
Figure 2.17 1H NMR spectrum of P4HS-d4  
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2.5 Blend preparation 
 
 
2.5.1 Blends of poly (4-hydroxystyrene)/polyethylene oxide (P4HS/PEO) 
 
P4HS/PEO blends were prepared by mixing appropriate amounts of  PEO (Mw = 
100,000) and P4HS (Mw = 22,000) in 2% (w/v) tetrahydrofuran (THF) solution at 323 
K. Special care was taken to remove the solvent from the films. Thus, samples first 
were left overnight in the fume cupboard and then dried in a vacuum oven at 343 K for 
two weeks, followed by heating at 423 K for 3 h (under vacuum) and subsequent slow 
cooling to room temperature. This thermal treatment was found to be effective in 
removing all residual solvent as indicated by measurements of the the glass transition 
temperature (Tg) of P4HS (which was found to be significantly depressed when residual 
THF remains in the sample). The number of moles of each component in the blend and 
the glass transition temperature, Tg, was determined (Table 2.7) from the amount of 
polymer and molecular weight of monomers. 
 
 
Table 2.7 Glass transition temperatures for P4HS/PEO blends  
wt% P4HS mol% P4HS Tg(mid-point)/K 
0 0 216 
70 46 350 
80 59 370 
85 67 405 
95 87 415 
100 100 427 
  
 
 
2.5.2 Blends of poly(4-hydroxystyrene)/poly(ethyl methacrylate) (P4HS/PEMA) 
 
P4HS/PEMA blends of varying composition were prepared by casting solutions 
containing 2% (w/v) polymer solutions in methyl ethyl ketone (MEK) onto glass plates 
at room temperature. After drying at room temperature, the samples were transferred to 
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a vacuum oven at 353 K and dried for 1 day, followed by heating at 423 K for 3 h and 
then slow cooling to room temperature.   
 
Table 2.8 Glass transition temperatures for P4HS/PEMA blends  
 
wt.% P4HS 
 
 
 mol%P4HS 
 
Tg(mid-point)/K 
0 0 347 
25 24 376 
50 49 397 
75 74 414 
80 79 420 
 
 
2.5.3 Blends of styrene-co-4-hydroxystyrene)/polyethylene oxide (SHS/PEO) 
 
SHS/PEO blends were prepared by casting from THF solutions containing 5 wt.-
% polymer mixtures, stirred for 6-8 h. The solutions were allowed to evaporate slowly 
at room temperature for 1 day. The obtained film was dried in a vacuum oven at 50 oC 
for 2 days.  
 
  Table 2.9 Glass transition temperatures for 59/41 SHS/PEO blends  
wt.-% of HS 
in SHS 
mole.-% of 
HS in SHS 
Tg (mid-point)/K
33 30 354 
54 50 360 
73 70 374 
 
 
2.5.4 Blends of styrene-co-4-hydroxystyrene/poly(alkyl methacrylate) (SHS/PMMA or 
PEMA) 
 
The blends were produced by co-dissolution of the relevant components at 59/41 
mole ratios in methyl ethyl ketone (MEK) and allowing the solvent to evaporate.  
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Samples were dried in an oven at 383 K for 24 hours, followed by 48 hours in a vacuum 
oven at 333 K.  Samples were stored in a desiccator prior to use.   
Table 2.10 Glass transition temperatures for 59/41 SHS /PMMA blends 
Sample Tg (mid-point) / K
PMMA 385 
SHS30/PMMA 401 
SHS50/PMMA 409 
SHS70/PMMA 419 
      P4HS PMMA 411 
 
 
2.5.5 Blends of poly(4-hydroxystyrene)/poly(4-vinylpyridine) (P4HS/P4VP) 
 
Total 0.5g P4HS and P4VP polymers were dissolved in 10 ml N, N-
dimethylformamide (DMF). The solution was slowly evaporated at 60 oC for 3 days; the 
residual solvent was removed under vacuum at 80 oC for 1 week. 
  
 
Table 2.12 Glass transition temperatures for P4HS/P4VP blends  
wt.-% P4HS mole.-% P4HS Tg (mid)/K 
0 0 425 
62 59 433 
70 67 437 
100 100 427 
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3.1 Introduction 
 
 In order to investigate the effect of blending on physical aging, it is essential to 
first collect and analyse in detail the enthalpy relaxation process of the individual blend 
components.  Data can then be obtained for various blend compositions at comparable 
undercoolings from the glass transition temperature. The C-F equation was employed 
throughout this work to analyse enthalpy relaxation.   
In the following sections, the enthalpic relaxation behaviour of the following 
homopolymers and copolymers is reported: P4HS, SHS, PEMA, PMEMA, P4VPy and 
PEO. Since the miscible blends investigated in this work are polymer/polymer or 
polymer/copolymer mixtures which interact via hydrogen bonding, FTIR measurements 
were carried out to understand better the effect of interaction between OH groups in 
P4HS and SHS copolymers.  
  
3.2 Poly(4-hydroxystyrene)and styrene-co-4-hydroxystyrene 
 
3.2.1 Infrared spectroscopy of styrene-co-4-hydroxystyrene 
 
Xu et al found that P4HS strongly self-associates through inter and intra-
molecular hydrogen bonding of the phenolic hydroxyl groups [46]. Infrared 
spectroscopy is extremely sensitive to this occurrence.  In undiluted P4HS, an 
absorption peak due to the free hydroxyl stretching vibration is expected to occur at 
3530 cm-1.  Self-association of phenolic groups in pure P4HS contributes to the 
vibrational absorption band in the region 3250 cm-1 to 3400 cm-1. The P4HS IR 
spectrum in Figure 3.1 confirms the presence of these bands. 
 
When P4HS is copolymerised with styrene, the interacting OH groups are 
essentially “diluted”, but infrared spectroscopy is still sensitive to the H-bonding 
present.  Indeed, the SHS copolymers can be looked upon as systems in which H-
bonding is diluted by the non-interacting styrene repeat units.  This cannot be 
favourable, since the PHS and PS homopolymers are mutually immiscible [125-127].  
However, calculations based on infrared measurements indicate that the free OH 
fraction changes very little from P4HS to a copolymer with 50 mol% HS composition 
[113]. 
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As shown in Figure 3.1, the SHS copolymers prepared in this study all displayed 
very broad -OH stretching bands in the range 3600  to 3100 cm-1 as a result of 
contributions from the stretching modes of free, intra-molecular and intermolecular 
hydrogen bonding (from high to low wavenumber).  There was no distinct “free” -OH 
stretching band, but a shoulder can be seen tailing towards the high frequency side.  
This result suggests that the SHS systems are strongly self-associated, which is not 
surprising, given the acidity of the phenolic –OH groups.  Devlin observed a “free” –
OH stretching component for SHS copolymers in his study, however, the systems in 
question had very low levels of HS (typically < 3 mole % HS in the feed) and would be 
effectively diluted by the styrene co-monomer [128].  
 
Interpretation of the hydroxyl stretching band is more complicated than, say, a 
carbonyl stretch absorption [129] and consequently the spectra recorded in this study 
have little more than qualitative value. Also, it should be noted that it is difficult to 
measure self-association constants for P4HS due to its insolubility in inert solvents, so 
the extent of H-bonding cannot be quantitavely estimated [130].  
 
However, to separate the various contributions, the second derivative of each 
spectrum can be calculated using a modified Savitzky-Golay method [131-133] . As can 
be seen in Figure 3.2, the original band becomes much narrower and the minimum 
provides its location. Therefore, by using the second derivative, various contributions 
can be resolved. Data in Figure 3.2 show that the absorption peak due to intermolecular 
hydrogen bonds is located at about 3280 cm-1. Zhang and co-workers [91] report  that 
the difference in wavenumber (Δν) between the absorption bands of hydrogen-bonded 
and free hydroxyl groups could be used as a measure of the relative strength of 
hydrogen bonding. According to this, the large value of Δν ≅ 250 cm-1 intermolecular 
interactions measure for the copolymers are indicates that intermolecular interactions 
stronger than the intra-molecular one are located at 3390 cm-1, with Δν ≅ 140 cm-1. For 
more clarification the important data from Figure 3.2 are listed in Table 3.1. The 
tabulated results indicate that the positions of all intra- and inter-association peaks are 
not affected by copolymer composition, as demonstrated in Table 3.1; for example, the 
position of intra-molecular hydrogen bonds of SHS30 is 3396 cm-1 and the position with 
P4HS is 3393.  
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Additionally, the peak maximum  of the free OH shoulders in all copolymers is 
similar, which is in good agreement with the results of Zhang et al. results [53]. On the 
other hand, the peak maximum values of intra and intermolecular interactions in the 
copolymer increase with the increasing of hydroxyl groups in the composition.   
 
Table 3.1-The position of hydrogen-bonded OH bands of P4HS and SHS copolymers 
(data from second derivative)    
SHS mol% HS  30 50 70 100 
The position of intra-molecular 
HB/cm-1 
3396 3396 3395 3393 
The position of intermolecular 
HB/cm-1 
3285 3284 3283 3283 
 
 
 
 
 
Figure 3.1 FTIR spectra recorded at room temperature in the 3800-3000 cm-1 region for 
P4HS and SHS copolymers: (…………) 30, (▬●▬●▬) 50, (▬ ▬ ▬) 70,   and (▬▬▬) 100 
mole-% HS. 
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Figure 3.2 Second derivative spectra of P4HS and SHS copolymers: (…………) 30, 
(▬●▬●▬) 50, (▬ ▬ ▬) 70,   and (▬▬▬) 100 mole-% HS. 
 
When trying to interpret subsequent experimental results, it is worth bearing in 
mind that the less stabilised the system is by H-bonding, the more similar its behaviour 
will be to that of polystyrene.  This, however, will be temperature dependent. As the 
temperature is decreased, the H-bonds sequences in the chains are expected to lengthen, 
bringing the copolymer behaviour closer to that of P4HS[134].  The FTIR spectra in this 
study were collected at ambient temperature, which may explain why the spectra for the 
SHS copolymers resemble that of P4HS. 
 
3.2.1.2 Effect of temperature on hydrogen bonding  
 
The temperature dependence of the H-bonding interactions was investigated by 
collecting a series of FTIR spectra, on heating. As shown in Figure 3.3 for P4HS, the 
intensity of the band at 3530 cm-1(free hydroxyl group) increases as the temperature is 
increased, whereas the one due to self-association shifts to a higher wavenumber with 
increasing temperature (Figure 3.3). This indicates that the strength of self-associating 
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bonds decreases with increasing temperature. However, these bonds still exist even at 
temperatures as high as 150 oC.  
The broad peaks in the range between 3280 and 3450 cm-1 comprise 
contributions from intra and intermolecular interactions and it is difficult to determine 
the accurate location of these bands. To resolve this, the second derivative of each 
spectrum was calculated (Figure 3.4). For further clarification, the spectrum data from 
Figure 3.4 were tabulated (Table 3.2). At 25oC, the intermolecular OH band (peak 
maximum located at 3283 cm-1) with Δν ≅	248 cm-1 is much stronger than the intra-
molecular one (peak maximum located at 3390) with Δν ≅ 140 cm-1. However, with 
increasing temperature, the intra-molecular peak shifts towards higher wavenumbers 
and the intermolecular band disappears when the temperature reaches 100 oC or higher. 
In contrast, the intensity of peak maximum of the band of free hydroxyl groups 
increases as the temperature increases. Consequently, we can report that, at higher 
temperature, the intra-molecular interactions in P4HS dominate the polymer structure, at 
the expense of intermolecular bonds. 
 
Figure 3.3 FTIR spectra recorded at different temperatures in the3700-3000 cm-1 region 
for pure P4HS: (▬▬▬) 25 oC, (……..) 50 oC, (▬●▬●▬) 100 oC, (▬ ▬ ▬) 125 oC and 
(▬●●▬●●▬) 150 oC.  
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Figure 3.4 Second derivative spectra at different temperatures in the 3700-3000 cm-1 
region for pure P4HS: (▬▬▬) 25 oC, (…………) 50 oC, (▬●▬●▬) 100 oC, and 
(▬●●▬●●▬) 150 oC.   
 
Table 3.2- The position of hydrogen-bonded OH bands of P4HS at different 
temperatures (data collected from Figure 3.4)   
Temperature/ оC 25 50 100 150 
The position of intramolecular 
HB/cm-1 
3390 3398 3404 3410 
The position of intermolecular 
HB/cm-1 
3283 3292 ----------- -------- 
 
 
 Figure 3.5 displays the FTIR spectra of SHS copolymers at 150oC. From Figure 
3.5, it can be seen that the area under the absorption band at 3390 cm-1 decreases and 
the peak shifts to higher wavenumbers with increasing the temperature. On the other 
hand, the intensity of the absorption band associated with free hydroxyl groups at 3533 
cm-1 increases with increasing temperature. The second derivative of each spectrum was 
calculated (Figure 3.6), and the data from the spectrum shown in Figure 3.6 were 
tabulated (Table 3.3). The results indicate that as the temperature increases, the band of 
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intermolecular hydrogen bond interactions does not appear and the band of intra-
molecular hydrogen bond interactions shifts to high wav number. Thus, we can 
conclude that intermolecular hydrogen bonds in SHS copolymers are more affected by 
temperature than intra-molecular ones. Moreover, the presence of styrene units 
originates a kind of segregation between SHS chains, which will in tum lead to increase 
the distance between hydroxyl groups. Consequently, hydroxyl groups of any SHS 
chain are unable to interact with other hydroxyl groups on other chains, and that will 
cause an increase of free hydroxyl groups at the expense of intermolecular hydrogen 
bonds.   
 
 
Figure 3.5 FTIR spectra recorded at 150 oC the 3800-3000 cm-1 region for SHS 
copolymers: (…………) 30, (▬●▬●▬) 50, (▬ ▬ ▬) 70,   and (▬▬▬) 100 mole-% HS. 
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Figure 3.6 Second derivative spectra at 150 oC the 3800-3000 cm-1 region for SHS 
copolymers: (…………) 30, (▬●▬●▬) 50, (▬ ▬ ▬) 70,   and (▬▬▬) 100 mole-% HS. 
 
Table 3.3-The position of hydrogen-bonded OH bands of SHS copolymers at150 oC 
(data from second derivative)    
SHS mol% HS  30 50 70 100 
The position of intra-molecular 
HB/cm-1 
3442 3430 3421 3410 
The position of intermolecular 
HB/cm-1 
-------- -------- -------- ----------- 
 
 
3.2.2 Enthalpy relaxation of neat P4HS and SHS copolymers 
 
In this thesis, the polymer P4HS plays the role of the reference system, since it is 
one of the components in all the polymer blends under study. It is therefore necessary to 
characterize the P4HS behaviour as accurately as possible in order to make an adequate 
comparison with the blends. Aging data on P4HS are limited in the literature [18, 95]. 
Thus, it was decided to re-measure the enthalpy relaxation of a 22000 g mol-1 sample. 
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This was due to the fact that enthalpy relaxation appears to change slightly with 
molecular weight[18, 135].  
3.2.2.1 Enthalpy relaxation of P4HS 
 
It is common practice, before carrying out aging experiments, to monitor the 
thermal stability of the polymer by collecting a series of DSC scans, on heating after 
cycling through the chosen thermal history several times (without aging). Usually, Tg 
reaches a constant value after the 7 cycle runs, indicating that structural equilibrium has 
been reached. 
 
P4HS was dried in a vacuum oven at 120oC for 1 day, annealed at 220oC for 30 
min (under vacuum) and then cooled back to ambient temperature in the vacuum oven. 
Tg value of this sample recorded by heating to 214oC at 20oC/min in DSC; the Tg value 
was found to be 154oC.  
Aging experiments were carried out on P4HS at three temperatures in the range 
422 K (Tg-5) to 412 K (Tg-15), in 5 K steps. After each aging step, the DSC trace of an 
unaged sample is collected. Physical aging is a reversible phenomenon and so one 
expects Tg to be the same after aging (i.e. when a glassy material is heated above the Tg 
any previous aging that had occurred will be erased). 
 The results reported in Figure 3.7 (unaged traces) show that all Tg values are in 
the range between 153.5oC (426.5K) to 155oC (428K), indicating that Tg is constant 
within instrumental error.  
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Figure 3.7 Heat capacity versus temperature (unaged traces) for P4HS sample recorded 
after aging at Tg –Ta = 15 K: 60 (▬▬▬), 200 (- - - - -), 500 (▬●●▬●●▬) and 2000 
(▬●▬●▬) minutes. 
Figure 3.8 Variation of Tg of P4HS sample after different aging times at three annealing 
temperatures: (O) Tg-15; (□) Tg-10; (Δ) Tg-5. 
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Figure 3.9 displays typical Cp data for a P4HS sample aged at 15 degrees below 
Tg. The effect of aging is to increase progressively the size and peak maximum of the 
endothermic recovery peak. The integration area between any one curve and the unaged 
reference curve (Figure 3.10) gives the relaxed enthalpy for that particular aging time, 
∆H(Ta, ta). Plots of enthalpy lost after aging for a time, ta, at temperature Ta i.e. ∆H(Ta, 
ta) against log10(ta), are shown in Figure 3.11. As expected the enthalpy lost after a 
given aging time increases as Ta decreases,   since the distance between the glassy and 
extrapolated liquid enthalpy lines increases as the system progresses deeper into the 
glassy region. 
 
The experimental ∆H(Ta, ta) data are curve-fitted via a nonlinear least-squares 
routine, using the CF model (Table 3.4) described in Chapter 1. Figure 3.11 indicates 
that the time required to reach a plateau decreases with increasing aging temperature, 
that is moving close to Tg. Ideally, long aging times are required for the data to reach a  
plateau at Ta= Tg-15.   
   
Enthalpy relaxation is believed to depend on the rearrangement of main-chain 
segments which are trying to reach their configurational energy minimum. This process 
is increasingly slow at longer aging times because there are fewer segments in a non-
equilibrium situation.  If the energy barrier to motion is high, as in the case of specific 
interactions, then more energy should be released. However, the hydrogen bond 
distribution of P4HS is very sensitive to temperature, as shown by FTIR studies (section 
3.2.2). Using the peak shapes in the hydroxyl region, if the ΔH(Ta, ta) value originates 
from a change in hydrogen bond distribution, then the FTIR peaks should change shape 
with aging time. Therefore, to test whether this is the case, FTIR spectra at Ta= Tg-15 
(=139 oC) and two aging times (10 and 1000 minutes) were recorded. The peak shape 
appeared unchanged with ta (Appendix B). The FTIR bands also indicate that the 
hydrogen bond distribution does not depend on the structural state of the sample but 
depends only on temperature.   
   
 A different interpretation for these ΔH(Ta, ta) values must be developed, taking 
into account the experimental result of a hydrogen bond distribution constant with time. 
If hydrogen bonds acted as rigid cross-links, no segmental motion would be possible 
and ΔH(Ta, ta ) would be small. This cannot be the case; in miscibility studies involving 
the hydrogen bonding properties of P4HS [43, 46, 113, 121, 136] the phenomenon is 
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considered as a dynamic equilibrium of un-bonded groups reacting to generate 
hydrogen bonds and vice versa. Nevertheless during aging process the dynamic 
equilibrium of un-bonded groups is not completely achieved where, during that 
segmental rearrangement hydrogen bonds are disrupted, but because of high hydroxyl 
group density part of hydrogen bonds are re-formed in an overall more favourable 
configuration.   
 
 
Figure 3.9 Heat capacity curves for P4HS for different aging temperatures at Tg -Ta = 15 
K: 200 (……), 500 (▬●●▬●●▬) and 2000 (- - - - -) minutes. 
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Figure 3.10 Subtraction of Cp unaged data from Cp aging data for P4HS at Tg -Ta = 15 
K; ta = 2000min.   
 
 
Figure 3.11 Enthalpy relaxation data for P4HS at Ta= (O) (▬▬▬) 412 K; (□) (- - - - -) 
417 K; and (∆) (……..) 422 K. The CF parameters for the curve are given in Table 3.4. 
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Table 3.4 - CF parameters obtained from fitting enthalpic relaxation data of P4HS.  
Ta 
/ K 
Tg – Ta 
/ K 
∆H(Ta) 
/ Jg-1 
log(tc) 
/ min) 
β 
412 15 2.40 2.01 0.35 
417 10 1.89 1.92 0.35 
422 5 1.20 1.03 0.35 
 
 
Figure 3.12 ΔH∞ versus (Tg- Ta) for (□) P4HS and (O) PS (data of PS taken for  
Brunacci [18] ). 
 
To discuss the effect of hydrogen bonding on enthalpy relaxation it is of interest 
to compare the Cp curves of P4HS and PS.  Figure 3.13 includes the DSC scans of the 
unaged and aged polymers at (Tg-10) for 2000 min. The PS enthalpic peak (data taken 
from Brunacci [18] ) is high and narrow, which indicates a quick release of energy. The 
P4HS peak, on the other hand, is broad indicating that energy is released over a much 
wider range of temperature. Such an occurrence is consistent with the hydrogen bonding 
effect seen on ΔT (Table 3.5); our thermal results of P4HS indicate that ΔT of P4HS (~ 
13.35) is larger than that of PS (~4.5).  
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Figure 3.13 Cp curves of unaged (dashed lines) and aged (solid lines) PS and P4HS 
samples under the same conditions: 1000 minutes at (Tg-10).  
 
Table 3 .5 - Tg data for PS (data of PS taken for Brunacci [18] ) and P4HS  
Sample Tg (mid-point) 
/ K 
∆T / K ∆Cp / JK-1g-1 
PS37k 373 4.5 0.280 
      P4HS(22k) 427 13.4 0.349 
 
 
Enthalpy relaxation studies carried out on PS and P4HS by Yoshida et al. [95, 
137]  suggested that aging is closely linked to the restriction of segmental motion of the 
main chain [95]. Those authors point out that the difference in enthalpy relaxation 
between PS and P4HS could be explained as a result of hydrogen bond formation in 
P4HS. It is therefore expected that restrictions in the main- chain motion due to inter-
chain interactions retard the relaxation process [95].  
A measure of the kinetics involved in physical aging is also given by the 
characteristic time tc of the CF approach, in that large tc values imply a slow aging 
process. All tc values reported in this thesis were obtained from CF approach by curve 
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fitting plots of H(Ta , ta) vs log ta; whereas the average relaxation time, 〈ݐ௖〉, can be 
calculated from 
〈ݐ௖〉 ൌ ݐ௖	߁ ൬1 ൅ 1ߚ൰																																																ሺ3.1ሻ 
 
where Γ is the gamma function [138]. 
 
Figure 3.14 shows log ሺ〈ݐ௖〉ሻ as a function of the distance from Tg. It thus 
appears that P4HS relax faster than PS deep in the glass region (i.e. Ta= Tg-15 or less). 
Supposing that the relaxation rate increases with the increasing of chains rigidity, this is 
explanation of the faster relaxation rate in the case of a stronger interaction.  
  
Figure 3.14 log ሺ〈ݐ஼〉ሻ	versus (Tg- Ta) for (□) P4HS and (O) PS (PS data  taken from 
Brunacci [18] ). 
 
3.2.2.2 Enthalpy relaxation of styrene-co-4-hydroxystyrene (SHS) copolymers 
 
The effects of hydrogen bonding upon enthalpy relaxation were monitored by 
introducing differing amount of hydroxyl groups into the structure (i.e. preparing SHS 
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copolymers) as described in Chapter 2. Three SHS copolymers were studied with low 
(30%), intermediate (50%) and high (70%) concentration of HS units. Results in section 
3.1 indicated that a further increase in hydroxyl group content would not significantly 
affect the position of the hydrogen bonding band; the hydroxyl stretching bands of SHS 
copolymers were found to be almost identical to those of pure P4HS. 
  
The midpoint Tg, Tg temperature range (∆T) and experimental ∆Cp for the 
copolymers investigated in this work are reported in Table 3.6.  An increase in HS 
content causes an increase in Tg and broadening of ∆T with respect of PS. This can be 
ascribed to the existence of H-bonding groups and increase in the chain rigidity in the 
copolymers. Although the hydroxyl groups in SHS30 are relatively “diluted”, there is 
still evidence of considerable H-bonding interactions as reflected by the high Tg 
compared to that of PS.  The ∆T values for the SHS copolymers are greater than ∆T 
measured for PS but much lower than the P4HS value. All the samples were dried and 
stored in desiccators prior to the time of use.  
 
Schroeder et al. [139] found that ∆Cp increased with increasing HS content in a 
series of SHS copolymers.  There was no clear trend between ∆Cp values for the 
polymers in this study (Table 3.6).  The lowest value was observed for SHS50; and a 
large variation was observed for P4HS, with respect to PS. 
 
Table 3 .6 - Tg data for SHS copolymers  
Sample Tg (mid-point) 
/ K 
∆T / K ∆Cp / JK-1g-1 
PS37k 373 4.5 0.280 
SHS30 409 5.6 0.334 
SHS50 419 6.8 0.222 
SHS70 441 7.5 0.312 
      P4HS(22k) 427 13.4 0.349 
 
It is rather difficult to predict what kinetic behaviour will prevail in the SHS 
copolymers compared to the homopolymers. One could argue that the styrene units have 
less driving force compared to the strongly interacting HS groups, but more short-range 
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free volume is available for rearrangements. The resulting tc might be a compromise 
between these two factors.  
 
At low hydroxyl group concentration the Cp data for a SHS30 aged at 15K 
below Tg (Figure 3.15) are similar to those of pure PS.  In contrast the IR spectrum of 
SHS50 resembles closely that of P4HS (see later).  
 
 
Figure 3.15 Heat capacity curves for SHS30 annealed at Tg -Ta = 15 K: 100 (……..), 
500 (- - - - -) and 2000(▬●●▬●●▬) minutes. 
 
The CF parameters for PS37 (data used from Brunacci [18]) and SHS30 (Tables 
3.7 and 3.8) follow similar trends. The enthalpy lost after a given aging time increases 
as Ta decreases as one would expect, and there appears to be enhancement of enthalpy 
relaxation close to the Tg. This is perhaps due to favourable positioning of OH groups 
within the system giving an increase in the relaxation rate (i.e. lower log (tc)).  
 
Typical heat capacity curves for selected SHS copolymers with identical thermal 
histories are shown in Figure 3.16 (a, b, c).  If we consider first of all the unaged curves, 
we can see that a ‘peak’ is observed for PS and SHS30 that diminishes in magnitude in 
SHS50 and SHS70 and broadens for P4HS.  
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Visually, the aged peaks for SHS30 appear to be narrow indicating quick release 
of energy, which increase in magnitude as the distance from Tg increases. This is found 
by the log(tc) parameter, calculated using the CF equation (Table 3.8). However, 
although the interactions in SHS30 are stronger compared with PS, associations are still 
diluted by styrene units and the system relaxes more slowly near Tg. The hydroxyl 
groups may have ordered together to create more favourable domains, rendering the 
styrene units less able move.  
  
Table 3.7 - CF Parameters for PS37k 
Ta 
/ K 
Tg – Ta 
/ K 
∆H(Ta) 
/ Jg-1 
log(tc) 
/ min) 
β 
358 15 2.16 2.30 0.38 
363 10 2.06 2.04 0.40 
368 5 0.85 0.48 0.40 
 
 
Table 3.8 - CF Parameters for SHS30 
Ta 
/ K 
Tg – Ta 
/ K 
∆H(Ta) 
/ Jg-1 
log(tc) 
/ min) 
β 
398 15 1.84 1.91 0.38 
403 10 1.53 1.78 0.38 
408 5 1.04 1.45 0.38 
 
 
Tables 3.9 and 3.10 list the CF parameters for the SHS50 and SHS70 samples, 
respectively.  The aging behaviour is complex. Both copolymers show fast relaxations 
as indicated by the log(tc) values, presumably as a result of the increase in H-bonding 
concentration. The enthalpic relaxation data of these copolymers (Figures 3.17 and 
3.18) indicate that the inflection points are not very clear especially at Ta far from Tg; 
thus it is believed that the CF parameters are not realistic estimations.   
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Table 3.9 - CF Parameters for SHS50 
Ta 
/ K 
Tg – Ta 
/ K 
∆H(Ta) 
/ Jg-1 
log(tc) 
/ min) 
β 
403 15 1.96 1.98 0.39 
408 10 1.77 1.89 0.39 
413 5 1.11 1.79 0.39 
 
 
Table 3.10 CF Parameters for SHS70 
Ta 
/ K 
Tg – Ta 
/ K 
∆H(Ta) 
/ Jg-1 
log(tc) 
/ min) 
β 
426 15 2.11 1.87 0.37 
431 10 1.90 1.81 0.37 
436 5 1.19 1.75 0.37 
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Figure 3.16 Heat capacity curves (aged and unaged) for ta = 2000 mins. (1) PS, (2) 
SHS30, (3) SHS50, (4) P4HS and (5) SHS70 (a) Tg – 5, (b) Tg – 10 and (c) Tg - 15. 
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Figure 3.17 Enthalpy relaxation data for SHS50 at different temperatures as follows: 
(O) (▬▬▬) 403 K (Tg-15); (□) (- - - - -) 408 K (Tg-10); (∆) (……..) 413 K (Tg-5).  
 
 
Figure 3.18 Enthalpy relaxation data for SHS70 at different temperatures as follows: 
(O) (▬▬▬) 426 K (Tg-15); (□) (- - - - -) 431 K (Tg-10); (∆) (……..) 436 K (Tg-5). 
0.0
0.5
1.0
1.5
2.0
2.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
ΔH
(T
a,t
a)
/ J
 g
-1
log10(ta / min)
0.0
0.5
1.0
1.5
2.0
2.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
ΔH
(T
a,t
a)
/ J
 g
-1
log10(ta / min)
Chapter 3 Enthalpy relaxation of homopolymers and copolymers  
78 
 
a) Effect of hydrogen bonding on ∆H (Ta)  
Figure 3.19 displays all the ∆H∞(Ta) data plotted as a function of distance from 
Tg. As noted above, somewhat unexpected behaviour occurs in the near- Tg region; 
SHS50 and SHS70 exhibit ∆H∞(Ta) values close to P4HS. However, for SHS30 the 
∆H∞(Ta) value is in the middle, between PS and P4HS. This suggests that the aging 
temperature differences in the SHS system are sufficiently large to affect the hydrogen 
bond equilibria. Calculation based on infrared measurements [121] indicate that, at 
room temperature, the free OH group fraction changes little at high HS compositions, 
compared to  P4HS (hence for SHS50  and SHS70). It is the distribution of associated 
chains that is more affected by dilution. The primary effect must be the shortening of 
the average chain length, with a consequent diminution in system stabilization. Without 
this extra term, enthalpy relaxation becomes similar to that of PS. However overall 
association strength increases when temperature decreases, and the hydrogen bonded 
sequences in the chains lengthen, bringing the copolymer enthalpy behaviour closer to 
that of P4HS.  
 
For SHS30 particularly at Ta far from Tg, the dilution effect is too large to be 
neutralized by any temperature-induced increase in the association strength. In other 
words, the few hydroxyl groups are not enough to alter the enthalpy relaxation of the 
system compared to pure PS. However, this does not explain the relatively high values 
of ∆H∞ (Ta) close to Tg.  Maybe the high unfavourable (non-polar) environment of the 
hydroxyl groups allows them to release extra energy through a structural rearrangement 
that makes them able to perform a better level of solvation- even without changing the 
whole distribution of association chain lengths. On the other hand, the polymer chains 
are not sufficiently flexible at lower aging temperatures; thus, the favourable structural 
rearrangements are not allowed. In this case polymer chain is not taken any extra 
energy, which makes ∆H∞(Ta)  closer to pure PS.       
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Figure 3.19 ∆H∞(Ta)  data for the SHS copolymers, as follows: (◊) P4HS; (ж) SHS70; 
(□) SHS50; (O) SHS30; (∆) PS. Data are based on the CF equation calculations.  
 
 
(b) Hydrogen bonding and the relaxation time function 
 
On the basis of the ∆H∞(Ta) behaviour shown in figure 3.19,  the log (〈ݐc〉) 
parameter of SHS30 should be comparable to the PS value and slow down with 
decreasing Ta approaching the P4HS values. 
 
Such expectations are met in the case of SHS30, as Figure 3.20 shows. Above (Tg-
10) values converge towards the P4HS average relaxation times. However, below (Tg-
10), log (〈ݐc〉) values tend to approach those of PS. This confirms that, when the 
interaction is strong, the segmental rearrangements are fast and the enthalpy relaxation 
is high. In contrast, when the interaction is weakened, the system loses its driving force 
and the interaction becomes slower.  
    
The trends shown by SHS50 and SHS70 are somewhat similar to those expected 
for P4HS, with the exception of the value near Tg, where hydroxystyrene units attempt 
to group together in order to create more favourable domains. However, the overall 
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results indicate that the presence of styrene units in copolymers has caused dilution of 
hydrogen bonding interaction that has led to a decrease in the relaxation rate. Therefore, 
SHS copolymers relax more slowly than P4HS but faster than PS (Figure 3.20). 
    
 
Figure 3.20 Average relaxation time as a function of (Tg-Ta) for the pure polymers and 
SHS copolymers: (◊) P4HS; (ж) SHS70; (□) SHS50; (O) SHS30; (∆) PS.  
 
 
3.3. Poly(ethyl methacrylate) and poly(methyl methacrylate-co-ethyl 
methacrylate) 
  
3.3.1 Enthalpy relaxation of PEMA  
 
Aging experiments on PEMA were carried out at three temperatures in the range 
342 K (Tg-5) to 332 K (Tg-15), in 5 K steps.  Figure 3.21 displays typical Cp data for a 
PEMA sample aged at 15K below Tg. The enthalpic peak of PEMA is high and narrow, 
as observed for PS. Values of the characteristic time tc (Table 3.11)  indicate that PEMA 
relaxes slowly compared to P4HS. However, the ∆H∞(Ta) values of PEMA are smaller 
than those of P4HS, as results of the weak interactions between the PEMA units. 
Another useful comparison that can be made is between the aging parameters of PEMA 
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and the behaviour of polymethyl methacrylate (PMMA), since the polymers differ by 
one CH2 unit. The CF parameters of PEMA are compared with the PMMA data  
published by Cowie and Ferguson [22]. One should note that these were obtained using 
slightly different fitting procedures; the ∆H(Ta, ta) data of PMMA were fitted using an 
adjustable β parameter, whereas, for PEMA, a fixed β value was employed. 
Interestingly, the PEMA ∆H∞(Ta) values coincide with those of PMMA, which suggests 
that the interaction strengths in these polymers are similar. log tc values indicate that 
PEMA relaxes slower than PMMA at Ta far from Tg and faster than PMMA at Ta close 
to Tg.  
                     
 
Figure 3.21 Heat capacity curves for PEMA at Tg -Ta = 15 K, for ta:  200 (…..), 500 
(▬●●▬●●▬) and 2000 (▬ ▬ ▬) minutes. 
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Figure 3.22 Enthalpy relaxation data for PEMA at Ta= (O) (▬▬▬) 332 K; (□) (- - - - -) 
337 K; and (∆) (……..) 342 K. The CF parameters for the curve are given in Table 3.13 
   
Table 3.11- CF fitting parameters for PEMA at several aging temperatures 
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞(Ta) 
(J g-1) 
 
log tc 
(min) 
 
β 
332 
337 
342 
15 
10 
5 
1.60 
1.39 
0.97 
2.31 
2.12 
1.73 
0.40 
0.40 
0.40 
 
 
3.3.2 Enthalpy relaxation of poly(methyl methacrylate-co-ethyl methacrylate)  
 
The mid-point Tg, Tg width (ΔT) and heat capacity difference, ΔCp, for poly 
(methyl methacrylate-co-ethyl methacrylate) (PMEMA) samples are listed in Table 
3.12. These Tg values are intermediate between those of the pure components (i.e. 
PMMA and PEMA). As the MMA content increases, the glass transition narrows, 
moves to higher temperatures and the glass state heat capacities become somewhat 
larger. A study of Figure 3.23 indicates that the shapes of the unaged curves differ 
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marginally; the enthalpic relaxation peak is evident for PMMA but it reduces with 
increasing EMA content.  
 
Visually (Figure 3.24a), the aged traces of a PMEMA sample with 82 mol% 
MMA are similar to those of PMMA, i.e. significant structural changes (e.g. Tg shift) 
take place only in PEMA rich copolymers. 
 
This, however, provides a limited view of the phenomenon and a further set of 
Cp curves, collected at the same aging time as in Figure 3.24(a) but for an aging 
temperature 10K lower (Figure 3.24(b)) the areas of the PMEMA copolymers relaxation 
peaks have changed, becoming more similar now to PMMA.      
 
Table 3.12 - Glass transition parameters for PMEMA copolymers 
wt.-%  
MMA 
mole% 
MMA 
Tg(mid)/ 
K 
∆ T/ 
K 
∆Cp/ 
J K-1g-1 
0 0 347 15.26 0.120 
20 18 369 12.87 0.102 
50 47 380 14.77 0.201 
80 82 386 12.82 0.196 
100 100 391 8.3 0.207 
 
 
Chapter 3 Enthalpy relaxation of homopolymers and copolymers  
84 
 
Figure 3.23 Heat capacity curves for PMEMA (47 /53 mole% MMA/EMA) at Tg -Ta = 
15 K: 200 (………), 500 (▬●●▬●●▬) and 2000 (- - - - -) minutes. 
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Figure 3.24 Heat capacity curves (aged and unaged) for PMEMA at ta = 2000 minutes. 
From top to bottom: PMMA, (78/22), (47/53), (18/82) mole% MMA/EMA and PEMA 
in the copolymers, (a) Tg – 5, (b) Tg - 15. 
 
 
Plots of ΔH(Ta, ta) versus log10 (ta) (Figures 3.25(a-c)) indicate that, close to Tg 
(i.e. Tg- 5) the data pass through an inflection point. On lowering aging temperature, the 
enthalpy relaxation decreases at short ta, but at longer ta there is a crossing point when 
ΔH(Ta, ta) becomes higher than that at higher Ta. In experimental terms, this means that 
the accessible time-window shortens with decreasing Ta, and only a small portion of the 
entire ΔH(Ta, ta) curve can  be measured. 
 
As usual, the CF model was used to fit the experimental ΔH(Ta, ta)  data  and the 
CF parameters are reported in Table 3.13. Figure 3.26 shows the variation of ΔH∞(Ta) 
with MMA content. An interesting trend can be seen; equilibrium enthalpy values 
generally increase with increasing MMA content. 
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Figure 3.25 Enthalpy relaxation data for the PMEMA: (a) (78/22); (b) (47/53); (c) 
(18/82) mole% MMA/EMA; (Tg- Ta): (○) 15K; (□) 10K; (Δ) 5K. The continuous lines 
are fits to the experimental data using the CF equation.   
 
Figure 3.26 Variation of ΔH∞ (Ta) with (Tg – Ta) for PMEMA: (O) (18/82); (□) (47/53); 
(∆) (78/22) mole% MMA/EMA. 
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Table 3.13 CF parameters for PMEMA copolymers. 
 
PMEMA  
 (wt.-% MMA) 
 
PMEMA 
(mole-%MMA)
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞ (Ta)
(J g-1) 
 
log tc (min) 
 
β 
 
0 
 
0 
332 
337 
342 
15 
10 
5 
1.60 
1.39 
0.97 
2.31 
2.12 
1.73 
0.40 
0.40 
0.40 
 
20 
 
22 
354 
359 
364 
15 
10 
5 
1.28 
0.73 
0.37 
3.20 
2.07 
1.37 
0.29 
0.29 
0.29 
 
50 
 
53 
365 
370 
375 
15 
10 
5 
1.40 
0.92 
0.45 
3.14 
2.22 
1.15 
0.29 
0.29 
0.29 
 
80 
 
82  
371 
376 
381  
15 
10 
5 
1.41 
1.22 
0.54 
3.05 
3.03 
1.61 
0.23 
0.23 
0.23 
 
100 
 
100  
376 
381 
384 
15 
10 
7 
1.34 
1.22 
1.06 
2.43 
2.10 
2.15 
0.43 
0.35 
0.30 
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3.4 Poly(4-vinylpyridine) 
 
3.4.1 Infrared spectroscopy 
 
Poly (4-vinylpyridine) (P4VPy) absorbs moisture very easily from the air. This 
can be detected as a broad absorption band centred at 3400 cm-1. As shown in Figure 
3.27, heating at 100oC successfully removes moisture from the P4VPy samples.  
 
 
Figure 3.27 FTIR spectra for pure P4VPy at room temperature: (a) before annealing; (b) 
after heating at 100oC for 20min followed by cooling to room temperature under a 
nitrogen atmosphere.  
  
 
3.4.2. Enthalpy relaxation of poly(4-vinylpyridine)  
  
The DSC scans of unaged and aged P4VPy at (Tg-15) are displayed in Figure 
3.28, for different aging times. Compared to other polymers investigated in this project, 
the enthalpic peaks of P4VPy are high and narrow, which points to quick release of 
energy. Moreover, the aging curves shift to high temperature as the aging time 
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increases. However, the shifting and the magnitude of the aging curves decrease as Ta 
increases (Figure 3.29).  
 
Aging data obtained at three different aging temperatures are shown in Figure 
3.30 and the corresponding CF parameters listed in Table 3.14. ∆H∞(Ta) values indicate 
that the distance for  P4VPy to reach its thermodynamic equilibrium state is quite short 
in comparison with P4HS (Figure 3.31). This result is expected due to weaker 
interactions between the vinyl groups in P4VPy, compared to stronger hydrogen 
bonding interactions in P4HS.  
 
The log(〈ݐC〉) data in  Figure 3.32 demonstrate that P4VPy relaxes more slowly 
than P4HS and, once again, this can be attributed to the weaker interactions in P4VPy. 
 
Figure 3.28 Heat capacity curves for P4VPy at Tg -Ta = 15 K: 200 (………), 500 
(▬●●▬●●▬) and 2000 (- - - - -) minutes. 
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Figure 3.29 Heat capacity curves for P4VPy at Tg -Ta = 10 K: 200 (………), 500 
(▬●●▬●●▬) and 2000 (- - - - -) minutes. 
 
 
Figure 3.30 Enthalpy relaxation data for pure P4VPy; (Tg- Ta): (○) 15K; (□) 10K; (Δ) 
5K. The lines are fits to the experimental data, using the CF equation.   
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Table 3.14 - CF Parameters for P4VPy 
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞(Ta) 
(J g-1) 
 
log tc 
(min) 
 
β 
410 
415 
420 
15 
10 
5 
1.80 
1.17 
0.78 
2.12 
2.06 
1.81 
0.42 
0.42 
0.42 
 
 
 
Figure 3.31 ΔH∞(Ta) versus (Tg- Ta) for (O) P4HS and (□) P4VPy.  
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Figure 3.32 log ሺ〈ݐ஼〉ሻ	versus (Tg- Ta) for (□) P4HS and (Δ) P4VPy  
 
 
3.5 Aging of polyethylene oxide  
 
Despite numerous papers on  polyethylene oxide (PEO)  and its  blends,  to date,  
only two papers have been published on the physical aging of PEO [102, 103]. Those 
papers dealt with studies of the volume and dielectric relaxation in PEO and so no 
enthalpy relaxation measurements have been reported. In this project, attempts were 
made to measure the enthalpy relaxation of PEO, despite difficulties due to conducting 
experiments at low temperature and dealing with a sample of high crystallinity.  
 
Aging measurements on PEO were carried out at Strathclyde University as our 
DSC instrument was not equipped to access low temperatures. 
 
The DSC scans of unaged and aged PEO at (Tg-5) were measured by heating the 
sample from -80oC to -5oC (heating rate 10oC/min). Figure 3.33 displays heat capacity 
curves of PEO at Tg-5, for different aging times. Several attempts were made to collect 
enthalpy relaxation data at aging temperature lower than 5 degrees under Tg but these 
were unsuccessful. This was attributed to the small amorphous content in highly 
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crystalline polymer and the inability of the DSC instrument to detect a small change in 
heat capacity at the glass transition. Hence, a series of experiments was conducted by 
changing the heating rate with which the DSC traces were recorded. As shown in Figure 
3.34, no Tg can be seen in the DSC trace of a PEO sample heated at a rate of 10oC/min. 
However, the reduction of the heating rate to 5oC/min leads to a clear glass transition 
for the unaged sample (Figure 3.35). Unfortunately, after aging, none of the DSC traces 
of the unaged and aged samples showed evidence of a glass transition (Figures 3.36 (a) 
and (b)).  Measurements at lower heating rate e.g. 2 or 1oC/min could not be carried out 
as the time allowed on the instrument was very limited. 
            
The aging data collected at Tg-5 were fitted to the C-F model and the parameters 
are given in Table 3.15.  The plot of ΔH(Ta, ta) versus Log(ta) is shown in Figure 3.37. 
 
The enthalpy relaxation value at Tg-5 for PEO is very low in comparison to 
values reported in the previous sections for homopolymers and copolymers. This is 
certainly to be attributed to the low fraction of amorphous chains in the semi-crystalline 
sample. The low ∆H∞ (Ta) value supports this conclusion. The enthalpy relaxation study 
of other semi-crystalline Polymer (i.e. poly(arylene ether ether ketone) ) (PEEK) has 
also reported that the increase in the fraction of amorphous chains in semi-crystalline 
polymer would be result in the shift of the relaxation spectrum to longer times [140]. 
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Figure 3.33 Heat capacity curves for PEO at Tg -Ta = 5 K: 60 (………), 200 (- - - - -) 
and 500 (▬●●▬●●▬) minutes. 
Figure 3.34 Heat capacity curves for unaged PEO recorded at a heating rate of 
10oC/min. 
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Figure 3.35 Heat capacity curves for unaged PEO recorded at a heating rate of 5oC/min. 
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Figure 3.36 Heat capacity data for PEO at Tg -Ta = 10 K: 60 (………), 200 (- - - - -) and 
500 (▬●●▬●●▬) minutes; (a) unaging (b) aging; heating rate of 5oC/min.  
 
 
Table 3.15 CF Parameters for PEO 
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞(Ta) 
(J g-1) 
 
log tc 
(min) 
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214 
 
 
5 
 
 
0.29 
 
 
1.54 
 
 
0.65 
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Figure 3.37 Enthalpy relaxation data for pure PEO; (Tg- Ta): (○) 5K. The continuous 
line is a fit to the experimental data using the CF equation.   
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4.1 Introduction 
 
The phenolic hydroxyl group in poly(4-hydroxystyrene) (P4HS) can form 
intermolecular hydrogen bonds with several kinds of hydrogen-bond acceptors. For 
example, poly(alkyl acrylates) such as PMMA and PEMA  have been reported by 
Coleman et al. [43] to form miscible blends with P4HS. Polypyridines (for example: 
P4VPy) and ether polymers (PVME and PEO) also form one-phase mixtures with P4HS 
[141]. The results indicate that P4HS is miscible with PVME and PEO at all 
compositions. Physical aging studies of PEO and PVME blends with P4HS are reported 
in this chapter. Comparisons are made between the aging behaviour of ether/P4HS 
blends and that of the P4HS/PEMA system. It was hoped that analysis of the carbonyl 
stretching absorption in PEMA blends could provide additional information on the 
effect of intra- and inter-molecular H-bonding [34, 41, 42]. The third system reported in 
this chapter is the P4HS/P4VPy blend. Previous studies have indicated that the 
interaction between P4HS and P4VPy is very strong [142, 143]. To date, no aging data 
have been reported for these blends. 
 
The first part of this chapter aims to discuss the effect of composition and 
temperature on hydrogen bonding strength in P4HS/PEMA, P4HS/PEO and 
P4HS/P4VPy blends. The results of the enthalpy relaxation measurements are then 
discussed with reference to pure P4HS.  
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4.2 Infrared spectroscopy 
 
Infrared spectroscopy has been widely utilized to investigate hydrogen-bonding 
interactions in polymer blends, particularly in the hydroxyl stretching region from 3000 
to 3700 cm-1, by following the shift in frequency of the absorption peak [142, 144-146]. 
Although, there are several  infrared studies on P4HS-based blends [54, 147-150], in 
order to link interactions and aging, it was necessary to use FTIR to qualitatively and 
quantitatively evaluate changes in the carbonyl and hydroxyl vibration regions in our 
blend samples.  The changes in hydrogen bond distributions will assist with interpreting 
the aging data. 
 
 
4.2.1 P4HS/ PEO blends: Qualitative analysis 
 
As discussed in section 3.2, the peak of the free hydroxyl stretching vibration in 
undiluted P4HS (Figure 4.1) occurs at 3530 cm-1. This non-hydrogen bonded OH 
absorption gradually disappears as the PEO content increases [113]. The self-
association of phenolic groups in P4HS is responsible for the vibrational absorption 
peak at ~3360 cm-1. This peak shifts progressively to lower wavenumbers with 
increasing PEO content, as shown in Figure 4.1. Coleman and co-workers [113] suggest 
that the difference in wavenumber (Δν) between the free hydroxyl band and the band 
attributed to hydrogen bonded OH groups can be used as a measure of the relative 
strength of hydrogen bonding. Accordingly, the large value of Δν ≈ 205 cm-1 in 
P4HS/PEO blends demonstrates that hydrogen bonding between PEO and P4HS is 
stronger than the self-association Δν ≈ 170 cm-1 between P4HS repeat units. To 
determine the exact location of the bands, the second derivative of each spectrum was 
calculated (Figure 4.2) and values are reported in Table 4.1.  
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Figure 4.1 FTIR spectra recorded at room temperature in the 3700-3000 cm-1 region for 
P4HS/PEO blends containing: : (▬●●▬●●▬)  46,  (▬ ▬ ▬) 59,  (▬●▬●▬) 67,  (……..) 
87 and (▬▬▬) 100 mole-% P4HS. 
 
Table 4.1- the position of intra-molecular hydrogen- bonded OH bands of P4HS/PEO 
blends (data from second derivative) 
mole-% of P4HS in blends νHB /cm-1  
59 3384 
67 3390 
87 3393 
100 3398 
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Figure 4.2 Second derivative spectra of P4HS/PEO blends containing: (▬●●▬●●▬) 59, 
(▬ ▬ ▬) 67, (▬●▬●▬) 87 and (▬▬▬) 100 mole% P4HS. 
 
 
4.2.2 P4HS/ PEMA blends   
 
The FTIR spectra of P4HS/PEMA blends in Figure 4.3 show features that are 
similar to those discussed for the PEO blends:  the free OH band at 3530 cm-1decreases 
as the PEMA content in the blend increases, and the main peak at 3360 cm-1 shift to 
higher wavenumbers. This peak shift is attributed to the appearance of another 
contribution, namely inter-molecular interactions between the carbonyl groups of 
PEMA and the P4HS hydroxyl groups. Figure 4.3 shows qualitatively that the number 
of free and self-associated hydroxyls decreases to the benefit of inter-associated 
hydrogen bonds, at higher PEMA contents. For a 74/24 P4HS/PEMA sample, a nearly 
Gaussian-shaped band centred at 3447 cm-1 is observed, which is due almost entirely to 
inter-associated hydroxyl groups. As noted by Li and Brisson15, at low P4HS contents, 
the hydroxyls of P4HS will be randomly distributed among a large number of carbonyl 
groups since the PEMA network will dominate. However, increasing the amount of 
P4HS increases the probability of self-association occurring and this accounts for the 
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increased distribution of the hydroxyl band, which now contains contributions from free, 
self-associated and inter-molecular hydroxyl vibrations.  
 
Figure 4.3 FTIR spectra recorded at room temperature in the 3700-3000 cm-1 region for 
P4HS/ PEMA blends containing: (▬●▬●▬) 24, (▬ ▬ ▬) 51, (……..) 74 and (▬▬▬) 
100 mole-% P4HS. 
 
 
4.2.3 P4HS/ P4VPy blends 
 
Figure 4.4 gives FTIR spectra of the hydroxyl stretching vibration region for 
pure P4HS, and two P4HS/P4VPy blend (67/33, and 59/41 mole%) .  The absorption 
band due to hydrogen bonds between the phenolic-OH group in P4HS and the pyridine 
groups in P4VPy is centred at about 3150cm-1. The Δν value (380 cm-1) measured for 
the P4HS/P4VPy blends is larger than those reported for other P4HS blends (see 
previous sections) and much greater than the self-association (Δν ≈ 170 cm-1) among 
P4HS units. It is therefore indicative of very strong interactions between the polymer 
units. 
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Figure 4.4 FTIR spectra recorded at room temperature in the hydroxyl region for 
(▬▬▬) pure P4HS, (▬●●▬●●▬) 67/33 and (---------) 59/41 P4HS/P4VPy blends. 
 
 
4.2.4 Effect of temperature on hydrogen bonding  
 
Figures 4.5 and 4.6 display the FTIR spectra of P4HS/PEO 87/13 at various 
temperatures and the second derivative, respectively. The results are tabulated in Table 
4.2. 
 
The FTIR spectra show that the area under the absorption band at 3324 cm-1 (i.e. 
hydrogen bonds between P4HS and PEO) decreases steadily and the peak shifts to 
higher wavenumbers with increasing temperature. On the other hand, the intensity of 
the band of free hydroxyl groups at 3533 cm-1 increases with increasing temperature. 
Although the number of hydrogen bonds decreases with increasing temperature, these 
still exist even at temperatures as high as 150oC. Similar conclusions can be drawn for 
other compositions.  
 
The shift of the intra-molecular H-bonding absorption band with temperature is 
composition dependent: in 59/41 P4HS/PEO (Figure 4.7) Δν changes from 198 cm-1 at 
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25 oC to 143 cm-1 at 150 oC, which is less than the shift observed for 87/13 P4HS/PEO 
(Figure 4.6) (Δν ≈192 cm-1 at 25 oC, 100 cm-1 at 150 oC). These results indicate that 
hydrogen bond interactions in 59/41 P4HS/PEO are stronger than in the 13/87 blend, as 
the temperature increases. Second derivative spectra (Figure 4.8) indicate the presence 
of two peaks in the region between 3200-3450 cm-1, one attributed to inter-associations 
and located at 3270-3290 cm-1 and the second one due to intra-associations, at 3380-
3410 cm-1. At 59/41 P4HS/PEO blend composition the increase in the intensity of the 
free hydroxyl band with temperature is less than that of 87/13 P4HS/PEO. Furthermore, 
the shift in the position of the intra-molecular band with increasing temperature is less 
pronounced than for 87/13 P4HS/PEO. Finally, the band due to intermolecular 
interactions is located at low wavenumber in the 59/41 blend compared to the 87/13 
sample (Table 4.3). Thus, we can conclude that the strength of the inter- and intra-
molecular interactions increases with increasing PEO content. Moreover, the shift of 
inter- and intra-association bands is also linked to the PEO content.  
 
 
Table 4.2- The position of hydrogen- bonded OH bands of 87/13 P4HS/PEO blend 
(data from second derivative)    
Temperature/ оC 25 100 150 
The position of intra-molecular 
HB/cm-1 
3391 3404 3420 
The position of intermolecular 
HB/cm-1 
3287 -------- ------- 
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Figure 4.5 FTIR spectra recorded at different temperatures in the 3700-3000 cm-1 region 
for 87/13 P4HS/PEO blends: (▬▬▬) 25 oC, (………) 50 oC, (▬●▬●▬) 100 oC, (▬ ▬ 
▬) 125 oC and (▬●●▬●●▬) 150 oC. 
Figure 4.6 Second derivative spectra at different temperatures in the 3700-3000 cm-1 
region for 87/13 P4HS/PEO: (▬▬▬) 25 oC, (▬●▬●▬) 100 oC, and (▬●●▬●●▬) 150 
oC. 
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Figure 4.7 FTIR spectra recorded at different temperatures in the 3700-3000 cm-1 region 
for 59/41 P4HS/PEO blends: (▬▬▬) 25 oC, (……..) 50 oC, (▬●▬●▬) 100 oC,   (▬ ▬ 
▬) 125 oC and (▬●●▬●●▬) 150 oC.  
 
 
Table 4.3- The position of hydrogen- bonded OH bands of 59/41 P4HS/PEO blend 
(data from second derivative)  
Temperature 25 100 150 
The position of intra-molecular 
HB/cm-1 
3380 3393 3405 
The position of intermolecular 
HB/cm-1 
3272 -------- ------- 
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Figure 4.8 Second derivative spectra at different temperatures in the 3700-3000 cm-1 
region for 59/41 P4HS/PEO: (▬▬▬) 25 oC, (▬●▬●▬) 100 oC, and (▬●●▬●●▬) 150 
oC. 
 
For comparison with a well-studied system, FTIR spectra of a 59/41 
P4HS/PVME blend were also recorded (Figure 4.9), as a function of temperature. It is 
evident that the temperature dependence of the FTIR spectra of the PVME blend 
(Figure 4.9) is similar to that of the PEO system, at a similar composition (Figure 4.7). 
The decrease in the wavenumber due to inter-association in the P4HS/PVME blend is 
Δν ≈190 cm-1 (corresponding to a shift from 3530 to 3340 cm-1) at 25 oC, which is 
bigger than the shift in wavenumber (Δν ≈170cm-1) due to the self-association in P4HS. 
However, the decrease in the wavenumber due to hydrogen bonding interactions in 
P4HS/PVME, Δν ≈190 cm-1, is slightly less than observed in P4HS/PEO, Δν ≈198 cm-1.   
Therefore, the hydrogen bonding interactions in P4HS/PVME blends are stronger than 
that in pure P4HS but slightly weaker than that in P4HS/PEO blends. 
 
The FTIR spectra of 59/41 P4HS/PVME also present a similar trend to the one 
observed for P4HS/PEO:  Δν ≈143 cm-1 at 150 oC in 59/41 P4HS/PEO compared to a 
value of Δν ≈132 cm-1 for P4HS/PVME at the same temperature. This leads to the 
conclusion that hydrogen bonds in P4HS/PVME are weaker than in P4HS/PEO blends. 
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In fact, Le Menestrel et al. [151] have also noted that the P4HS/PEO specific interaction 
is stronger than that of P4HS/poly(vinyl alkyl ethers). The results from this work also 
support that claim.  
      
 
FTIR 4.9 Spectra recorded at different temperatures in the 3700-3000 cm-1 region for 
59/41 P4HS/PVME blends:  (▬▬▬) 25 oC, (……..) 50 oC, (▬●●▬●●▬) 100 oC, 
(▬●▬●▬) 125 oC and (▬ ▬ ▬) 150 oC. 
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Figure 4.10 Second derivative spectra at different temperatures in the 3700-3000 cm-1 
region for PVME/P4HS 41/59 mole.-%: (▬▬▬) 25 oC, (▬●▬●▬) 100 oC, and 
(▬●●▬●●▬) 150 oC. 
 
 
Figure 4.11 gives FTIR spectra of the 59/41 P4HS/P4VPy blend at different 
temperatures. Interestingly, the absorption band at 3150cm-1 does not shift as the 
temperature is increased. On the other hand, the absorption band at 3368 cm-1 due to 
self-association in P4HS increases as the temperature increases (Figure 4.12). All of 
these results indicate that the hydrogen bonds in P4HS/P4VPy blends are much more 
stable than those of other P4HS-based blends, like P4HS/PEO and P4HS/PVME.   
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Figure 4.11 FTIR spectra recorded at different temperatures in the 3700-3000 cm-1 
region for P4HS/P4VPy 59/41 mole% blends: (▬▬▬) 25oC , (……..) 50 oC, 
(▬●▬●▬)100 oC,   (▬ ▬ ▬) 125 oC and (▬●●▬●●▬)150 oC. 
 
Figure 4.12 Second derivative spectra of 59/41 P4HS/P4VPy at: (▬▬▬) 25 oC, 
(…………) 100 oC, and (▬●●▬●●▬) 150 oC.  
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4.3 Enthalpy relaxation 
4.3.1 Enthalpy relaxation of P4HS/PEMA blends 
The mid-point Tg, Tg temperature range (∆T) and experimental ∆Cp are displayed 
in Table 4.4. Glass transition temperatures for the blends are intermediate between the 
Tgs of P4HS and PEMA and increase with increasing P4HS content, as expected. Figure 
4.13 shows the composition dependence of Tg. To a first approximation, the variation of 
Tg with blend composition can be predicted from ideal mixing (additivity of free 
volume) according to the Flory-Fox equation, as follows:  
1
୥ܶ
ൌ ݓଵ
୥ܶଵ
൅ ݓଶ
୥ܶଶ
																																																			ሺ4.1ሻ	
                                             
where Tg,  Tg1 and Tg2 are the glass transitions of the blend and the two homopolymers, 
respectively, and w1 and w2 the weight fractions of component 1 and 2. As shown in 
Figure 4.13, the experimental data exhibit positive deviations from the Flory- Fox 
equation. To account for these, the experimental Tg versus composition data were fitted 
to the Kwei equation [152]: 
୥ܶ ൌ
ݓଵ ୥ܶଵ ൅ ݇ݓଶ ୥ܶଶ
ݓଵ ൅ ݇ݓଶ ൅ 	ݍݓଵݓଶ																				ሺ	4.2ሻ	
       where k is treated as a random fitting parameter and the term qw1w2 accounts for the 
presence of strong interactions in the mixture. Painter and co-workers [153] have 
reported that  the k parameter is  
		݇ ൌ ∆ܥ௣ଶ∆ܥ௣ଵ 																																																											ሺ4.3ሻ 
where ∆Cp2 and ∆Cp1 are the discontinuities in the specific heat at the respective Tgs, and 
the subscripts 1 and 2 denote the PEMA and P4HS, respectively. In the limiting case, 
when k = 1,  equation 4.2 reduces to a simple expression [152]: 
୥ܶ ൌ ൫ݓଵ ୥ܶଵ ൅ ݓଶ ୥ܶଶ൯ ൅ ݍݓଵݓଶ																		ሺ4.4ሻ	
       
The fit of the Tg, data to equation 4.4 gave a q value of 46. This is a first estimate of a q 
value for the P4HS/PEMA system, which is close to the q value of 49 reported by Hsu 
[154] for P4HS/PMMA.  
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The micro-heterogeneity level in the polymer blends can be evaluated by the 
magnitude of ΔT. Large ΔT values usually give evidence of increased micro-
heterogeneity. All P4HS/PEMA blends have ΔT values larger than those of the pure 
polymers. Moreover, both blends rich in P4HS or PEMA give relatively high ΔT values, 
indicating that these are less homogeneous than those close to 1:1 ratios.  
  The change in heat capacity at Tg, ∆Cp, can be linked to the change in the degrees 
of freedom at the glass transition resulting from free volume changes [3]. In general, the 
value of ∆Cp decreases as the content of PEMA increases.  
  
Table 4.4- Tg data for PEMA/P4HS blends.  
P4HS/PEMA 
(wt-%) 
P4HS/PEMA 
(mole-%) 
Tg 
(K) 
∆T 
(K) 
∆Cp 
J K-1 g-1 
0/100 0/100 347 12.29 0.119 
25/75 24/76 371 25.77 0.150 
50/50 49/51 397 18.04 0.245 
75/25 74/26 420 16.18 0.296 
80/20 79/21 423 25.01 0.245 
100/0 100/0 427 13.35 0.349 
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Figure 4.13 Composition dependence of Tg for PEMA/P4HS blends: experimental data 
(■), and fits to the Fox (solid line), and Kwei (long dashed line) equations.  
 
 
Figure 4.14 shows typical Cp data for a 49/51 P4HS/PEMA sample aged at 10 K 
below Tg. Similar trends were observed for all of the blends.  
 
The Cp curves of all P4HS/PEMA blends aged at 10 K below Tg are shown in 
Figure 4.15, for annealing times of 100 and 2000 min. These provide a qualitative 
measure of the difference in enthalpic recovery behaviour between the blends. The 
blends of P4HS/PEMA with high PEMA and P4HS content present relatively broad 
enthalpy relaxation peaks.  It should be noted that aging 79/21 P4HS/PEMA for 2000 
min at 10K below the Tg seemed to give two close enthalpic peaks at 433 K. The 
presence of double enthalpic relaxation peaks has been noted in immiscible blends [105, 
107]. It is worth noting that the 79/21 P4HS/PEMA sample had the biggest value of ∆T 
(Table 4.4), which is evidence of a wide range of hydrogen bonding distributions within 
the blend network and/or greater microheterogeneity. At this polymer composition, the 
blend network will be controlled by the stiffer P4HS chains and there will be free, self-
associated and inter-molecular hydrogen bonding interactions. For this blend, at these 
aging temperatures and times, there appears to be some sort of phase separation, as 
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reflected by the two enthalpic recovery peaks. No other blend composition displayed 
this behaviour at the aging times and temperatures investigated. Consequently, enthalpy 
relaxation appears to be sensitive to phase behaviour in these blends, whereas a 
conventional DSC temperature scan is not. 
 
    The 49/51 P4HS/PEMA exhibits a relatively narrow enthalpy recovery peak. It 
is interesting to note that this blend had a low ∆T value, which seems consistent with the 
observation made earlier from the IR spectrum (Figure 4.3) that all hydroxyls form 
hydrogen bonds with the PEMA carbonyl groups.  
 
Figures 4.16 (a-c) shows plots of ΔH(Ta, ta) versus log(ta) with fits from the CF 
model. The variation of ∆H∞(Ta) with (Tg- Ta) for P4HS/PEMA blends is displayed in 
Figure 4.17. The figure also includes P4HS and PEMA data for comparison. ∆H∞(Ta) 
values increase with increasing distance from  Tg, as would be expected.  
 
There is an important point to note: the blends have higher values of ∆H∞(Ta) 
than PEMA, except for the blend with the highest PEMA content (76 mole.-% ). This is 
probably a result of the inability of the CF model to precisely predict ∆H∞(Ta) when 
there is no clear  inflection point in the data.  
 
log(〈ݐc〉) against (Tg - Ta) for each blend are given in Figure 4.18. The relaxation 
rate of neat PEMA at all undercoolings is faster than that of the PEMA/P4HS blends. In 
contrast, PEMA/P4HS blends relax more slowly than pure P4HS (Table 4.5 and Figure 
4.18). It is interesting to note that the log (tc) values for the 49/51 and 24/76 
P4HS/PEMA samples are higher than values for other blend compositions, reflecting 
the presence of more/stronger interactions in these blends. 
    
 
Chapter 4 Hydrogen bonding and enthalpy relaxation of poly(4-hydroxystyrene) blends  
117 
 
Figure 4.14 Heat capacity curves for 49/51 P4HS/PEMA aged at Tg -Ta = 15 K for 
200(……..), 500(▬●●▬●●▬), 1000(▬●▬●▬) and 2000 (▬ ▬ ▬) minutes.   
 
 
 
 
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
365 375 385 395 405 415 425
C
P/
J K
-1
g-
1
T/K
340 360 380 400 420 440 460
C
p
/ J
 K
-1
g-
1
T / K
0.5 (a)
Chapter 4 H
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1
and (b) 20
24/76 mol
  
0.0
0.5
1.0
1.5
2.0
2.5
0
ΔH
(T
a,t
a)
 J 
g-
1
C
p/J
 K
-1
 g
-1
 
ydrogen bo
5 Cp curve
00 min: (.
e %. Curve
.0 0.5
(a)
(b) 
nding and e
s for the P4
.……..) 79
s have been
1.0 1
nthalpy rela
1
HS/PEMA
/21, (▬●●▬
 displaced 
.5 2.0
log (ta / m
xation of po
18 
 blends age
●●▬) 74/2
vertically fo
2.5
in)
ly(4-hydroxy
d 15 K bel
6, (▬ ▬ ▬
r clarity.  
3.0 3.5
styrene) ble
ow Tg for (
) 49/51, a
4.0
nds  
a) 100 min
nd (▬▬▬)
 
4.5
 
 
Chapter 4 Hydrogen bonding and enthalpy relaxation of poly(4-hydroxystyrene) blends  
119 
 
  
 
 
 
 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
ΔH
(T
a 
,t a
) J
 g
-1
log (ta / min)
(b)
0.0
0.5
1.0
1.5
2.0
2.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
ΔH
(T
a 
,t a
) J
 g
-1
log (ta / min)
(c)
Chapter 4 Hydrogen bonding and enthalpy relaxation of poly(4-hydroxystyrene) blends  
120 
 
Figure 4.16 Enthalpy relaxation data for the P4HS/PEMA blends: (a) (79/21); (b) 
(74/26); (c) (49/51); (d) (24/76); (Tg- Ta): (○) 15K; (□) 10 K; (Δ) 5 K. The continuous 
lines are fits to the experimental data, using the CF equation.  
Figure 4.17 ΔH∞(Ta) versus (Tg- Ta) for P4HS (+), PEMA (Δ), and P4HS/PEMA: 
(74/26) (□), (49/51) (O), and (24/76 mole-%) (Ж). 
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Figure 4.18 Variation of log (〈ݐC〉) with (Tg-Ta) for P4HS (+), PEMA (□), P4HS/PEMA: 
(79/21) (Δ), (74/26) (O), (49/51) (ж), and (24/76 mole-%) (◊).  
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Table 4.5- CF fitting parameters for P4HS/PEMA blends at several aging temperatures  
 
P4HS/PEMA 
(mole-%) 
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞(Ta) 
(J g-1) 
 
log tc 
(min) 
 
β 
 
100/0 
412 
417 
422 
15 
10 
5 
2.40 
1.89 
1.20 
2.01 
1.92 
1.03 
0.35 
0.35 
0.35 
 
79/21 
408 
413 
418 
15 
10 
5 
2.23 
1.89 
1.54 
2.45 
2.36 
2.34 
0.32 
0.32 
0.32 
 
74/26  
405 
410 
415 
15 
10 
5 
2.34 
1.76 
1.14 
2.21 
1.81 
1.47 
0.34 
0.34 
0.34 
 
49/51  
382 
387 
392 
15 
10 
5 
2.04 
1.53 
1.14 
2.46 
2.04 
1.58 
0.33 
0.33 
0.33 
 
24/76  
356 
361 
366 
15 
10 
5 
1.71 
1.45 
1.04 
2.48 
2.28 
2.03 
0.36 
0.36 
0.36 
 
0/100 
332 
337 
342 
15 
10 
5 
1.60 
1.39 
0.97 
2.31 
2.12 
1.73 
0.40 
0.40 
0.40 
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4.3.2 Enthalpy relaxation of P4HS/PEO  
   
The P4HS/PEO blends were found to be miscible over the whole composition 
range and exhibited a single glass transition temperature. The Tg values increase with 
increasing P4HS content, as shown in Table 4.6, where the mid-point Tg, temperature 
range (∆T) and experimental ∆Cp are listed. Figure 4.19 shows the composition 
dependence of Tg. The experimental Tg versus composition data are fitted well by the 
Kwei equation (Eq. 4.2): the k parameter was calculated from the experimental ∆Cp data 
(Table 4.6) and fitting led to q= 103. This is consistent with literature  studies linking  
high strength of interactions with high absolute values of q, for example, q=160 in 
P4HS/P2VPy blends [143] and q = 140 in P4HS/PVP blends [155]. Thus, the large q 
value for P4HS/PEO blends implies strong interactions between PEO and P4HS.  
               
Enthalpy relaxation measurements were carried out and Figures 4.20, 4.21 and 
4.22 display typical Cp data for P4HS/PEO with 87/13, 59/41 and 46/54 mole % aged at 
15K below Tg.  
 
To qualitatively discuss differences in enthalpic behaviour, a comparison is 
made, in Figure 4.23, between Cp curves for all of the P4HS/PEO samples aged at 10 K 
below Tg, for ta equal to (a) 100 and (b) 2000 min. All of the blends show relatively 
broad enthalpic peaks. The position of the peak maximum generally increases with 
increasing P4HS content. 
 
The comparison at Tg -Ta = 15 K between 87/13 P4HS/PEO (Figure 4.20) and 
59/41 P4HS/PEO (Figure 4.21) indicates that the former blend has narrower enthalpic 
peaks This is consistent with the hydrogen bonding effect seen on ΔT (Table 4.6).  
 
The appearance of the enthalpic peaks near the middle of the Tg transition for 
59/41 and 46/54 P4HS/PEO (Figures 4.21 and 4.22) suggests that not all of the 
segments undergo aging. It follows that there is a fraction of polymer segments that 
does not contribute to the overall ΔH(Ta, ta).  
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Table 4.6- Tg Data for P4HS/PEO blends.  
P4HS/PEO 
(wt-%) 
P4HS/PEO 
(mole-%) 
Tg 
(K) 
∆T 
(K) 
∆Cp 
J.K-1.g-1 
0/100 0/100 219  0.181 
70/30 46/54 357 21.24 0.185 
80/20 59/41 374 25.70 0.404 
85/15 67/33 408 31.35 0.329 
95/05 87/13 424 19.32 0.179 
100/0 100/0 427 13.35 0.296 
 
 
Figure 4.19 Composition dependence of Tg for P4HS/PEO blends: experimental data 
(■), and fits to the Flory-Fox (solid line), and Gordon-Taylor (long dashed line) 
equations. 
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Figure 4.20 Heat capacity curves for 87/13 P4HS/PEO at Tg -Ta = 15 K for (…......), 
500 (▬●●▬●●▬), and 2000 (▬ ▬ ▬) minutes 
 
Figure 4.21 Heat capacity curves for 59/41 P4HS/PEO at Tg -Ta = 15 K for 200 
(………), 500(▬●●▬●●▬) and 2000 (▬ ▬ ▬) minutes. 
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Figure 4.22 Heat capacity curves for 54/46 P4HS/PEO at Tg -Ta = 15 K for 200 
(………), 500(▬●●▬●●▬) and 2000 (▬ ▬ ▬) minutes. 
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Figure 4.23 Cp curves for the P4HS/PEO blends aged at 10 K below Tg  for (a) 100 min 
and (b) 2000 min: (………..) P4HS; (▬▬▬) 87/13; (▬●●▬●●▬) 59/41 and (▬ ▬ ▬) 
46/54 mole-%.  
 
 
Plots of enthalpy lost after aging for a time, ta, at temperature Ta (∆H(Ta, ta)) 
against log(ta) are shown in Figure 4.24 (a) – (d), with fits using CF model.  The CF 
parameters obtained at each aging temperature are reported in figure 4.25 and Table 4.7. 
Furthermore, in order to facilitate comparison between the blends and P4HS, the CF 
parameters for P4HS are repeated. 
  
Values of log 〈ݐ௖〉 are plotted against (Tg – Ta) for each blend (Figure 4.25). It is 
interesting to note that with increasing PEO content in the blends, the relaxation slows 
down, as a result of the increasing number of interactions. As observed for PEMA, pure 
P4HS relaxes faster than the blend. This suggests that the presence of intermolecular 
interactions leads to a decrease in the relaxation rate, as a result of a reduction in the 
population of motional active-side groups (i.e. hydroxyl groups in P4HS) in the glassy 
state. Similar results have been reported for P4HS/PVME [91]. Dielectric studies of 
323 343 363 383 403 423 443 463 483
C
p/J
 K
-1
g-
1
T/K
0.5 (b)
Chapter 4 Hydrogen bonding and enthalpy relaxation of poly(4-hydroxystyrene) blends  
128 
 
P4HS/PVME blends indicate that blending leads to considerable reduction of the side-
group β-relaxations of both polymers. 
 
 
Table 4.7- CF fitting parameters for P4HS/PEO blends at several aging temperatures  
 
P4HS/PEO 
(wt-%) 
 
P4HS/PEO 
(mole-%) 
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞ (Ta) 
(J g-1) 
 
log tc (min) 
 
β 
 
100/0 
 
100/0 
412 
417 
422 
15 
10 
5 
2.40 
1.89 
1.20 
2.01 
1.92 
1.03 
0.35 
0.35 
0.35 
 
95/05 
 
87/13  
409 
414 
419 
15 
10 
5 
1.93 
1.48 
1.21 
2.44 
2.25 
2.13 
0.41 
0.41 
0.41 
 
85/15 
 
67/33  
393 
398 
403 
15 
10 
5 
2.29 
1.80 
1.48 
2.64 
2.34 
2.14 
0.35 
0.35 
0.35 
 
80/20 
 
59/41  
359 
364 
369 
15 
10 
5 
3.31 
3.02 
2.14 
2.62 
2.54 
2.20 
0.32 
0.32 
0.32 
 
70/30 
 
46/54  
342 
347 
352 
15 
10 
5 
2.45 
1.95 
1.54 
2.80 
2.55 
2.24 
0.39 
0.39 
0.39 
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Figure 4.24 Enthalpy relaxation data for the P4HS/PEO blends by mole-%: (a) (87/13) 
at Ta= 409 K (O), 414 K (□) and 419 K (Δ); (b) (67/33) at Ta= 393 K (O), 398 K (□) and 
403 K (Δ); (c) (51/41)at Ta= 359 K (O), 364 K (□) and 369 K (Δ); (d) (46/54) at Ta= 342 
K (O), 347 K (□) and 352 K (Δ). 
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Figure 4.25 Variation of log (〈ݐc〉) with (Tg -Ta) for P4HS (+), P4HS/PEO: (87/13) (Δ), 
(67/33) (Ж), (59/41) (◊), and (46/54) (○) mole-%. 
 
 
The average relaxation times 〈ݐ௖〉 obtained for 59/41 P4HS/PEO are compared 
with the 〈ݐ௖〉 values of P4HS, PEMA, PVME [3], 36/64 PS/PVME [106], a 
59/41P4HS/PVME blend[110] and a 49/51 P4HS/PEMA blend, in Figure 4.26, as a 
function of undercooling below Tg. Although PEMA relaxes more slowly than PVME 
(which is chemically similar to PEO), the relaxation process in P4HS/PVME and 
P4HS/PEO blends is obviously slower than in the P4HS/PEMA system, at the same 
composition (Figure 4.26). This is related to the higher strength of inter-molecular 
bonds in P4HS/PEO, and less rigidity chains compared to P4HS/PEMA, and are in 
agreement with the FTIR measurements reported earlier.  
 
Figure 4.27 displays the ∆H∞ data of P4HS/PEO blends and P4HS versus 
distance from Tg.  The lowest equilibrium enthalpy values were found at all aging 
temperatures for the 13/87 PEO/P4HS blend and the highest values measured for the 
59/41 sample. It is interesting to recall that 59/41 P4HS/PEO also has slow relaxation 
kinetics. At this mole fraction most of the hydroxyl groups are bonded to ether groups. 
This means that the 59/41 4HS/PEO blend has more flexible segments which can relax, 
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and stronger interactions, which leads to a greater ∆H∞ value. Moreover, PALS results 
of similar blends (i.e. P4HS/PVME blends) indicate that the fractional free volume 
decreases with increasing P4HS content, which is due to increased hydrogen bonding 
and reduced chain mobility as the Tg of the blend increases [110]. Those results also 
show that only blend has fractional free volume less than pure P4HS is 59/41. This 
provided evidence of a more compact packing. For the other compositions, the volume 
increase mean increasing in dissociation of self-associated hydroxyls, which must lead 
to relative poorer packing where the formation of hydroxyl–ether linkages are unable to 
overcome that volume increase. 
 
Although this project did not focus on PALS measurements, nonetheless, the 
enthalpy relaxation data of P4HS/PEO blends in this study are quite similar to data for 
P4HS/PVME blends. Thus, it can be suppose that the reason for high ∆H∞ values for the 
59/41 P4HS/PEO blend relate to the effect of packing as well. So, it is suggested that 
the 59/41 P4HS/PEO blend has more compact packing than P4HS, whereas for the 
other compositions, packing is poorer. 
 
 
Figure 4.26- Average relaxation time as a function of (Tg – Ta) for: (◊) (59/41) 
P4HS/PEO; (+) (59/41) P4HS/PVME(derived from ref [110]); (O) P4HS; (Δ) (49/51) 
P4HS/PEMA; (×) (36/64) PS/PVME(derived from ref [106]).  
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Figure 4.27 ΔH∞(Ta) versus (Tg- Ta) for P4HS (+), P4HS/PEO: (87/13) (Δ), (67/33) (□), 
(59/41) (ж), and (46/54) (○) mole%. 
 
 
4.3.2 Enthalpy relaxation of P4HS/P4VPy    
  
The enthalpic peaks of the P4HS/P4VPy blend are short and broad (Figure 
4.28), indicating that energies are released over a wide temperature range. This is 
consistent with the hydrogen bonding effect seen on ΔT (Table 4.8).  
 
Table 4.8 Glass transition temperatures for P4HS/P4VPy blends 
wt.-% P4HS mole-% P4HS Tg(mid)/K ΔT ΔCp 
0 0 425 7.48 0.276 
62 59 448 14.48 0.313 
70 67 441 15.51 0.363 
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∆H∞(Ta) data for 59/41 P4HS/P4VPy are shown in Table 4.9. At all aging 
temperatures, the equilibrium enthalpies of the P4HS/P4VPy blend are close to that of 
P4VPy. Thus, the presence of very strong hydrogen bonds in the 59/41 P4HS/P4VPy 
blend will have effects on the segmental motion of the main chain, and any attempt at 
movement of the segments under temperature will lead to breaking the hydrogen bonds, 
which will evidently cause an increase in the relaxation speed. Consequently, the 
relaxation rate of P4HS/P4VPy blends should be faster than those relaxations of other 
strong hydrogen bonding blends of P4HS (i.e. P4HS/PEO and P4HS/PVME blends). 
Similar results have been reported on P2VPy blends with the poly(p-(hexafluoro-2-
hydroxyl-2-propyl)styrene) (HFS) which has similar hydrogen bonding interactions. 
Masser and Runt [156] have found that very strong hydrogen bonds in HSF/P2VPy 
blends lead to increasing the fragility of blend segments to the maximum; consequently 
any movement will cause breaking of hydrogen boning. A dielectric spectroscopy 
relaxation study by Zhang et al. [157] of quite similar blends (i.e. P4HS/P2VPy blends) 
also indicated that the relaxation time distributions of P4HS/P2VPy blends are close to 
that of neat P2VPy, as a result of the very strong intermolecular interactions and the 
relatively small Tg difference. Moreover, the absence of any flexibility of P4VPy, that 
is, domain the relaxation of P4VPy/P4HS blends, is also another reason for faster 
relaxation of 59/41 P4HS/P4VPy blend, where the hydrogen bonding interactions of the 
blend will be more rigid than in other blends of P4HS with semi-crystalline polymers 
like PEO or viscous PVME, that produce more flexible hydrogen bonding interactions 
between the segments. 
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Figure 4.28 Heat capacity curves for a 59/41 P4HS/P4VPy at Tg -Ta = 15 K: 200 
(………), 500 (▬●●▬●●▬) and 2000 (▬ ▬ ▬) minutes 
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Figure 4.29 Heat capacity curves (aged and unaged) for ta = 2000 mins. (1) P4VPy, (2) 
59/41 P4HS/P4VPy and (3) P4HS at Tg – Ta =15K. Data for P4VPy are shifted down by 
0.5J g-1K-1, while the data for P4HS/P4VPy and P4HS are shifted upwards by 0.5 and 
2.0 Jg-1K-1, respectively, for clarity. 
  
Table 4.9- CF parameters for P4HS/P4VPy blends 
(wt.-% P4HS) (mole.%P4HS) Ta 
(K) 
Tg- Ta 
(K) 
∆H∞(Ta) 
(J g-1) 
log tc 
/min 
β 
 
0 (i.e. P4VPy) 
 
0 
410 
415 
420 
15 
10 
5 
1.80 
1.17 
0.78 
2.12 
2.06 
1.81 
0.42 
0.42 
0.42 
 
62 
 
59 
433 
438 
443 
15 
10 
5 
1.80 
1.20 
1.16 
2.19 
2.04 
1.99 
0.43 
0.43 
0.43 
 
100 (i.e. P4HS) 
 
100 
412 
417 
422 
15 
10 
5 
2.40 
1.89 
1.20 
2.01 
1.92 
1.03 
0.35 
0.35 
0.35 
385 405 425 445 465 485
C
p/J
g-
1
K
-1
T/K
(1)
(2)
(3)
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Figure 4.30 ∆H∞ versus (Tg- Ta) for (□) 59/41 P4HS/P4VPy; (Δ) P4HS; (O) P4VPy.  
 
Figure 4.31 Average relaxation time as a function of (Tg – Ta) for (□) 59/41 
P4HS/P4VPy; (Δ) P4HS; (O) P4VPy.  
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4.4- Average segmental activation energies for P4HS blends 
 
Using tc and  values derived from the CF analysis of enthalpic aging, it is 
possible to calculate  average segmental activation energies 〈Ea〉  at different aging 
temperatures from the following equation [135] 
 
〈ܧ௔〉 ൌ ܴ ௔ܶሾ〈݈݊߬〉 െ ݈݊ݐ଴ሿ																								ሺ4.6ሻ 
 
where the constant t0= 10-8 sec is related to the vibrational frequency of the lattice, and 
〈ln τ〉 is related to the relaxation time distribution. A review of the mathematical 
expressions that describe the determination of 〈ln τ〉 from the CF model parameters tc 
and β is given in reference [2].  
 
Values of activation energy  provide a qualitative guide to the energies expended 
in the localised molecular rearrangements responsible for the physical aging. 
 
As shown in Table 4.10,  for P4HS/PEMA 〈Ea〉 values are higher for the blends, 
compared to PEMA (see also Figure 4.32). The increased 〈Ea〉 values can be  attributed 
to chain stiffness effects, which increase with increasing P4HS content, as confirmed by 
the composition dependence of the  Tg. Dielectric relaxation studies of these blends 
carried out by Zhang and co-workers [112] also indicate that the activation energy of 
P4HS/PEMA blends increase with increasing P4HS composite in the blend. Although 
the activation energy of those studies came from a different technique than that used 
here, nonetheless, it is interesting to noted that the 〈Ea〉 value recorded for neat PEMA  
(~73 kJ/mol) at Tg-15 approaches  the values obtained by Zhang et al. [112] (68 kJ/mol) 
at the same temperature.  
 
〈Ea〉 values for P4HS/PEO blends at 5, 10 and15 K below Tg are shown in Table 
4.11. The trend is similar to that observed for PEMA blends. Moreover, 〈Ea〉 values are 
much closer to those of P4HS than that of PEO, suggesting that P4HS dominates the 
glass transitions. The high values of 〈Ea〉 suggest that the interactions between the 
polymer chains conduce to a network, which greatly hinders PEO relaxation. This 
meaningfully hinders the rate of aging when measured enthalpically.  
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Figure 4.32 〈Ea〉 versus (Tg- Ta) for P4HS (+), PEMA (□), P4HS/PEMA: (79/21) (Δ), 
(74/26) (O), (49/51) (ж), and (24/76 mole-%) (◊).  
Figure 4.33 〈Ea〉 versus (Tg- Ta) for P4HS (+), PEO (x), P4HS/PEO: (87/13) (Δ), (67/33) 
(□), (59/41) (Ж), and (46/54) (○) mole%. 
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Table 4.10- Average activation energies for P4HS/PEMA blends at several aging 
temperatures  
 
P4HS/PEMA 
(mole-%) 
 
Ta 
(K) 
 
log tc 
(min) 
 
β 
 
〈Ea〉         
(kJ mole-1) 
 
〈Ea〉(a) 
(kJ mole-1) 
 
100/0 
412 
417 
422 
2.01 
1.92 
1.03 
0.35 
0.35 
0.35 
89.3 
89.7 
83.6 
 
87.5 
 
79/21 
408 
413 
418 
2.45 
2.36 
2.34 
0.32 
0.32 
0.32 
91.4 
91.8 
92.7 
 
92.0 
 
74/26  
405 
410 
415 
2.21 
1.81 
1.47 
0.34 
0.34 
0.34 
89.2 
87.1 
85.5 
 
83.7 
 
49/51  
382 
387 
392 
2.46 
2.04 
1.58 
0.33 
0.33 
0.33 
85.8 
83.8 
81.4 
 
83.7 
 
24/76  
356 
361 
366 
2.48 
2.28 
2.03 
0.36 
0.36 
0.36 
80.5 
80.3 
79.6 
 
80.1 
 
0/100 
332 
337 
342 
2.31 
2.12 
1.73 
0.40 
0.40 
0.40 
74.4 
74.3 
72.9 
 
73.9 
(a) average value of  〈Ea〉 
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Table 4.11- Average activation energies for P4HS/PEO blends at several aging 
temperatures  
 
P4HS/PEO 
(mole-%) 
 
Ta 
(K) 
 
log tc 
(min) 
 
β 
 
 〈Ea〉        
(kJ mol-1) 
 
 〈Ea〉(a) 
(kJ mol-1) 
 
100/0 
412 
417 
422 
2.01 
1.92 
1.03 
0.35 
0.35 
0.35 
89.3 
89.7 
83.6 
 
87.5 
 
87/13 
409 
414 
419 
2.44 
2.25 
2.13 
0.41 
0.41 
0.41 
92.8 
92.5 
92.6 
 
92.6 
 
67/33 
393 
398 
403 
2.64 
2.34 
2.14 
0.35 
0.35 
0.35 
89.9 
88.8 
88.4 
 
89.0 
 
59/41 
359 
364 
369 
2.62 
2.54 
2.20 
0.32 
0.32 
0.32 
81.6 
82.1 
80.9 
 
81.5 
 
46/54 
342 
347 
352 
2.80 
2.55 
2.24 
0.39 
0.39 
0.39 
79.8 
79.3 
78.3 
 
79.1 
 
0/100 
--- 
--- 
214 
---- 
---- 
1.54 
---- 
---- 
0.65 
---- 
---- 
45.8 
 
45.8 
 
Values of activation energy are expected to depend on the interaction strength 
between the blend components. For instance, the interaction between PVME and PS in 
PS/PVME is reported to be quite weak [39, 158], this being due to  the formation of a 
complex between the lone pairs of electrons of the ether oxygen and the benzene ring 
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[39]. Thus, 〈Ea〉 values for this system (Table 4.12) are only slightly higher than those 
for PVME, and much smaller compared to  PS values [2], which seems to support the 
suggestion that PVME dominates the aging behaviour in the blends [106]. 
 
The 〈Ea〉 values of PS/PVME provide an interesting contrast to those of P4HS 
based blends (Table 4.12). Strong interactions in P4HS/PEMA, P4HS/PEO and 
P4HS/PVME blends and the formation of a transient network structure considerably 
retard the segmental relaxation processes that occur during the aging and significantly 
increase the activation energy. The results in Table 4.12 also show that the activation 
energies of P4HS/P4VPy blends are higher than those of P4HS/polyether and 
P4HS/PEMA. This seems consistent with the infrared measurements carried out on 
these systems.  
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Table 4.12- Average activation energies for P4HS based blends at several aging 
temperatures. 
 
Polymer or blend 
 
Ta 
(K) 
 
β 
 
log tc  
(min) 
 
〈Ea〉         
(kJ mole-1) 
 
P4HS 
412 
417 
422 
0.35 
0.35 
0.35 
2.01 
1.92 
1.03 
89.3 
89.7 
83.6 
 
P4HS/PEO 
59/41 
359 
364 
369 
0.32 
0.32 
0.32 
2.62 
2.54 
2.20 
81.6 
82.1 
80.9 
 
P4HS/PEMA 
49/51 
382 
387 
392 
0.33 
0.33 
0.33 
2.46 
2.04 
1.58 
85.8 
83.8 
81.4 
  
PEMA 
 
332 
337 
342 
0.40 
0.40 
0.40 
2.31 
2.12 
1.73 
74.4 
74.3 
72.9 
 
P4HS/PVME 
59/41(from ref [110]) 
381 
386 
391 
0.24 
0.24 
0.24 
3.32 
2.92 
2.54 
89.6 
87.8 
86.0 
 
 
PVME/PS 
(Data from ref [106]) 
250 
255 
260 
265 
270 
0.36 
0.41 
0.37 
0.32 
0.49 
3.25 
2.74 
2.47 
2.46 
2.15 
60.3 
59.4 
58.9 
59.3 
60.4 
 
PVME 
240 
245 
0.50 
0.66 
2.44 
1.82 
55.0 
53.8 
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(Data from ref [3]) 250 0.91 1.23 52.6 
 
PS 
(Data from ref [18]) 
360 
364 
367 
0.30 
0.41 
0.39 
2.30 
2.02 
0.48 
82.9 
80.3 
79.2 
 
P4HS/P4VPy 
59/41 
433 
438 
443 
0.43 
0.43 
0.43 
2.19 
2.04 
1.99 
96.4 
96.3 
97.0 
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5.1 Introduction 
 
It has been pointed out by Zhang et al.[53] that the dilution of hydroxyl groups 
in P4HS by styrene units does not affect the strength of the hydrogen bonds with 
polyethers, since P4HS and SHS have the same proton donating group and similar 
structure. However, the existence of styrene units between the hydroxystyrene groups in 
systems such as SHS/(poly(vinyl ethyl ether) (PVEE) has been found to increase the 
dynamic heterogeneity compared with P4HS/PVEE[53]. Similar results have been 
reported for SHS/PEO using dielectric relaxation spectroscopy (DRS)[68]. Moreover, 
the SHS/PEO dielectric measurements have indicated that the fragility in SHS/PEO 
blends increased significantly with increasing SHS content in the blend[68]. 
Consequently, we concentrate our attention in this chapter first of all on the 
reinvestigation of the effect of dilution on the hydrogen bonding strength SHS blends 
with PMMA, PEMA, PEO, and PVME using FTIR. Moreover FTIR measurements will 
be done here to determine hydrogen bonding fraction where they are possible (i.e. 
SHS/poly(alkyl methacrylate) blends. Second is discussed of the dilution on the the 
physical aging behaviour of the systems.                
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5.2 Infrared spectroscopy 
 
5.2.1 SHS/Poly(alkyl methacrylate) blends 
 
5.2.1.1 SHS/PMMA blends  
 
Figure 5.1 shows the FTIR spectra of 59/41 mole% SHS/PMMA blend in the 
carbonyl region (1650 - 1850 cm-1). The shoulder at 1708 cm-1, which is not present in 
the PMMA spectrum increases in height relative to the 1730 cm-1 peak with increasing 
hydroxyl content in the SHS/PMMA blends. This is therefore assigned to hydrogen-
bonded carbonyl groups[136]. As we progress down the series, i.e. with increasing 
hydroxyl concentration, the peak centred at 1730 cm-1 due to the free carbonyl group 
vibration decreases in intensity.   
 
It is interesting to note that a broader carbonyl peak is observed for the 59/41 
SHS30/PMMA sample, possibly reflecting a more disorganised blend network.  
  
 
Figure 5.1 FTIR spectra in the carbonyl vibration region from 1800 to 1650 cm-1 for 
59/41 SHS/PMMA blends containing: (…………) 30, (▬●▬●▬) 50, (▬ ▬ ▬) 70, and 
(▬●●▬●●▬) 100 mole% HS. 
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The spectral changes in the hydroxyl region due to blending with PMMA are 
illustrated in Figure 5.2 for a copolymer with 30 mole % HS.  It is evident that the free 
hydroxyl band (~3530 cm-1) present in the copolymer is not seen in the blend.  
Therefore, new hydrogen bonds are formed in the blend between the phenolic hydroxyls 
of SHS and the carbonyl groups in PMMA.  The fact that the new hydrogen bonded 
hydroxyls absorb at a higher wavenumber (3430 cm-1) than the self-associated 
hydroxyls (~3350 cm-1), suggests that the inter-molecular hydrogen bonds in the blends 
are weaker.  
  
Figure 5.2 FTIR spectra in the hydroxyl vibration region from 3800 - 3000 cm-1 for 
(…………) SHS30 and (▬▬▬) 59/41 SHS30/PMMA.  
 
 
The hydroxyl spectra for all of the SHS/PMMA blends are plotted in Figure 5.3.  
All of the blends exhibited broad hydroxyl absorptions which include contributions 
from both hydroxyl-hydroxyl and hydroxyl-carbonyl interactions.  As the HS content of 
the copolymer component increases, the hydroxyl band broadens suggesting an increase 
in the distribution of hydrogen bonding sites, presumably due to increased opportunities 
for self-association. 
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Figure 5.3 FTIR spectra in the hydroxyl vibration region of 59/41 SHS/PMMA blends 
containing: (……….) 30, (▬●▬●▬) 50, (▬ ▬ ▬) 70, and (▬▬▬) 100 mole% HS. 
 
Table 5.1-The position of hydrogen- bonded OH bands of 59/41 SHS/PMMA blends 
mole-% HS in the copolymer ν/cm-1  
30 3460 
50 3446 
70 3437 
100 3428 
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Figure 5.4 Second derivative spectra of 59/41 SHS/PMMA blends containing:  
(……….) 30, (▬●▬●▬) 50, (▬ ▬ ▬) 70, and (▬▬▬) 100 mole% HS.  
 
 
5.2.1.2 SHS/PEMA blends 
    
Only one blend of PEMA with a SHS copolymer (i.e. SHS 50 mole-%) was 
prepared and its behaviour compared to that of PEMA/P4HS (section 4.2.2). Figure 5.5 
compares the FTIR spectra of the blends and pure PEMA in the carbonyl region (1680 - 
1850 cm-1). As for the PMMA blends,  the shoulder at 1708 cm-1 increases with 
increasing hydroxyl content; when  PEMA is blended with pure P4HS  the intensity of 
the two carbonyl peaks becomes approximately equal,.  This investigation confirms the 
results  by Xiang et al. who demonstrated that increasing HS content in the blends leads 
to increasing of hydrogen bonding interaction between carbonyl groups in PEMA and 
hydroxyl groups on copolymers [159].    
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Figure 5.5 FTIR spectra in the carbonyl vibration region from 1850 to 1650 cm-1 for of 
(……..) 49/51 P4HS/PEMA, (▬●▬●▬) 59/41 SHS50/PEMA, and (▬▬▬) PMMA.  
 
 
As discussed for the PMMA system, the free hydroxyl band (~3530 cm-1) 
present in the copolymer is no longer observed in the blend (Figure 5.6).  The fact that 
the new hydrogen bonded hydroxyls absorb at a higher frequency (3420 cm-1) compared 
with the self-associated hydroxyls (~3355 cm-1), suggests that the inter-molecular 
hydrogen bonds in the blends are weaker.   
 
An additional point to note by comparison of the FTIR spectra in the hydroxyl 
vibration region for SHS/PMMA and SHS/PEMA blends (Figures 5.3 and 5.6) is that 
the strength of inter-molecular hydrogen bonds in these systems is quite similar. This is 
consistent with results reported for pure P4HS blended with PMMA and PEMA [43]. 
Thus, we can conclude that the addition of methylene units does not affect the hydrogen 
bonding strength between hydroxyl groups of SHS copolymers and carbonyls of 
PMMA or PEMA. Regarding the strength of hydrogen bonded carbonyl groups the 
results in Figure 5.5 indicate that the increases of the intensity of the hydrogen bonding 
band at 1704 cm-1 with increasing of hydroxyl content in the blend is at the expense of 
the intenisity of free carbonyl band centered at 1728 cm-1.   
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Figure 5.6 FTIR spectra in the hydroxyl vibration region from 3800 - 3000 cm-1 for 
(…………) SHS50 and (▬▬▬) SHS50/PEMA. 
 
 
5.2.2 SHS/ polyether blends: Qualitative analysis 
 
Three SHS/PEO blends were studied in the attempt to explore the effect of 
dilution on the strength of the hydrogen bonding interaction and to assess the effect of 
copolymer composition on the strength of the intra- and inter-association.  
 
 
5.2.2.1 SHS/PEO blends 
  
The FTIR spectra of the SHS /PEO blends at a fixed blend composition equal to 
59/41 mole% are displayed in Figure 5.7.  
 
The FTIR results (Figures 5.7 and 5.8) show that the strength of  hydrogen 
bonds in SHS/PEO blends are quite similar  to those in P4HS/PEO blends since the 
distance between the free hydroxyl band at 3530 cm-1 and the hydrogen bonding bands 
of P4HS/PEO or any of SHS copolymers with PEO are Δν ≅ 150 cm-1. However, the 
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broad of hydrogen bonding bands of SHS/PEO is much less than those of copolymers 
one (Figure 5.9) which reflects fact that all hydroxyl groups on each chain in the 
copolymer seek to interact with oxygen atoms of PEO or with hydroxyl groups on other 
chain.  
 
 
Figure 5.7 FTIR spectra recorded at room temperature in the 3800-3000 cm-1 region for 
SHS/PEO 59/41 mole%  containing: : (…………)  30,  (▬●▬●▬) 50,  ( ▬ ▬ ▬) 70,   
and (▬▬▬) 100 mole-% HS. 
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Figure 5.8 Second derivative spectra of SHS/PEO 59/41 mole% containing:  (▬ ▬ ▬) 
30, (▬●▬●▬) 50, (…………) 70,   and (▬▬▬) 100 mole-% HS. 
 
Figure 5.9 FTIR spectra in the hydroxyl vibration region from 3800 - 3000 cm-1 for 
(▬●▬●▬) 59/41 SHS50/PEO and (▬▬▬) SHS50. 
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Return to the comparison between P4HS/PEO and SHS/PEO blends (i.e. when 
the number of hydroxyl groups in the copolymer is reduced to half by styrene units) in 
the hydroxyl region Figure 5.7 show that the band of P4HS/PEO is broad than those of 
SHS/PEO blends. The broad peak between 3050 and 3500 cm-1 in Figure 5.7 includes 
contributions from the stretching modes of intra-molecular hydrogen bonding and 
intermolecular hydrogen bonding, from high to low wavenumbers. 
 
Second derivative calculations (Figure 5.8) clearly show that a band appears for 
59/41 P4HS/PEO blend at 3280 cm-1 and this attributed to intermolecular hydrogen 
bonds with a Δν ≅250 cm-1. The intra-molecular band is located at 3383 cm-1, with Δν 
≅136 cm-1, whereas for SHS50/PEO blend the presence of intermolecular interactions 
cannot be confirmed even with second derivative calculation. Similar results have been 
indicated of SHS/PVEE blends [53]. Therefore, we can say that increasing the 
percentage of HS units in SHS copolymers leads to increasing the presence of 
intermolecular interactions in SHS/PEO blend and vice versa.    
 
 
5.2.2.2 SHS/PVME blends 
 
FTIR spectra of PVME blends with SHS copolymers were recorded for 
comparing the behaviour of this blend with that of the PEO system. Almost all of the 
hydroxyls are expected to form inter-molecular hydrogen bonds as can be seen in Figure 
5.10 due to the absence of a free hydroxyl vibration at ~ 3530 cm-1.  Moreover, we 
would anticipate the intensity of intermolecular hydrogen bonding band to increase with 
increasing HS content [160]. Second derivative spectra (Figure 5.11) show that the 
intensity of SHS30/PVME blend is higher than those of SH50/PVME and PHS/PVME 
blends.      
 
FTIR spectra in hydroxyl region of 59/41 SHS50/PVME and 33/67 
SHS50/PVME blends are measured. Figure 5.12 shows that the peaks of SHS50/PVME 
blends shifted to lower wavenumbers (~3308 cm-1) compared with the peak of SHS 
copolymer (~ 3375cm-1), and as we have mentioned before that the difference in 
wavenumbers (∆υ) between the free hydroxyl band (~3530 cm-1) and the band attributed 
to hydrogen bonded -OH groups could be used as a measure of the relative strength of 
hydrogen bonding. Correspondingly, the large value of ∆υ ≅ 222 cm-1 in SHS50/PVME 
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blends demonstrates that the hydrogen bonding between PVME and SHS is stronger 
than the self-association ∆υ ≅ 165 cm-1 between SHS repeat units.  Moreover, the 
increasing of hydroxyl groups in the blends results in increasing the width of the peaks 
as a result of overlapping between intra- and inter-actions as shown in Figure 5.12. 
Thus, for the clarification of this point second derivative spectra of those blends were 
calculated (Figure 5.13).  As PVME content increases in the blend the opportunity to 
configure intermolecular interactions between hydroxyl groups and oxygen atoms of 
PVME grows at the expense of forming self-association interaction, so, the amount of 
intermolecular interactions in the SHS50/PVME blend containing  67 mole% of PVME 
is bigger than those containing 41 mole% PVME.  
 
 
Figure 5.10 FTIR spectra recorded at room temperature in the 3800-3000 cm-1 region 
for 59/41 SHS/PVME containing: (▬●▬●▬) 30, (…………) 50, and (▬▬▬) 100 mole-
% HS. 
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Figure 5.11 Second derivative spectra of 59/41 SHS/PVME containing: (▬●▬●▬) 30, 
(…………) 50, and (▬▬▬) 100 mole-% HS. 
 
Figure 5.12 FTIR spectra recorded at room temperature in the 3800-3000 cm-1 region 
for SHS50/PVME containing: (…………) 33, (▬●▬●▬) 59, and (▬▬▬) 100 mole-% 
SHS copolymer in the blends. 
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Figure 5.13 Second derivative spectra of SHS50/PVME containing: (…………) 33, 
(▬●▬●▬) 59, and (▬▬▬) 100 mole-% SHS copolymer in the blends. 
 
 
5.2.3. The effect of hydroxyl groups dilution on intermolecular hydrogen bonding in 
SHS/polyether blends 
 
To form intermolecular hydrogen bonds the proton donating groups needs to be 
easily accessible. For example, in the case of SHS/polyether blends, a particular 
hydroxyl groups in the SHS copolymer may be close to an ether group, but because 
adjacent OH groups on the same chain are already hydrogen bonded to other hydroxyl 
groups that may cause inability of the hydroxyl group to orient itself fittingly to form an 
intermolecular hydrogen bond. Thus, we have examined the effect of spacing (dilution) 
between hydroxyl groups on the formation of intermolecular hydrogen bonds using 
blends of SHS (30, 50 and 100 mole-% HS) and two polyethers (i.e. PEO and PVME).  
 
To compare the FTIR data of these blends, the difference in the stretching 
frequency of hydrogen bonded hydroxyl band in the pure copolymer and the stretching 
frequency of the hydrogen bonded hydroxyl in the 59/41 SHS/PVME blend is used and 
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defined as Δν. Physically, the total amount of hydroxyl groups that are included in 
intermolecular hydrogen bonding is related to the magnitude of Δν. 
  
The –OH band in the IR spectra should contain three contributions: from free 
hydroxyl groups (1), from hydroxyl groups that are hydrogen bonded to other hydroxyl 
groups (2), and from hydroxyl groups that are hydrogen bonded to ether groups 
(3)[161]. However, only (1) and (2) contribute to the IR spectra in the pure copolymer, 
whereas in the blends (1), (2), and (3) contribute. Consequently, a measure of the 
amount of intermolecular hydrogen bonding between two components in a blend is the 
difference between the stretching frequency of the hydrogen bonded hydroxyl band in 
the blend and the stretching frequency of hydroxyls bonded in the pure copolymer. 
Therefore, the probability of hydroxyl groups within pure copolymer to be able to form 
intermolecular hydrogen bonds can be proportional to Δν [161].  
 
The values of Δν for PEO and PVME blends with SHS copolymers, as 
calculated from the spectra reported in Figures 5.8 and 5.11 are tabulated in Table 
5.2and plotted in Figure 5.14 as a function of the amount of HS in the copolymer.  
 
 
Table 5.2- Difference in frequency of hydrogen- bonded OH bands (Δν) between pure 
SHS and SHS/polyethers blends (59/41 mole-%)         
mole-% HS in SHS copolymer Δν PEO/(cm-1) Δν PVME/(cm-1) 
30 55 66 
50 34 45 
100 22 15 
 
 
An evaluation of the plot shows that as the HS content in SHS copolymer 
decreases the value of Δν increases for each of polyethers. This can be considered as 
evidence that the extent of intermolecular hydrogen bonding between SHS and 
polyether increases as the amount of HS decreases in the copolymer down to 30 mole%. 
The results by Radmard and Dadmun of SHS with other polyethers also indicated that 
increasing HS content in SHS copolymers leads to a decrease in the presence of 
intermolecular hydrogen bonding between hydroxyl groups and ethers oxygen [161]. 
Further of this, as the distance between hydroxyl groups in SHS copolymers increases 
the tendency for the hydroxyl groups to form intermolecular hydrogen bonds with the 
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polyethers improves. This may be attributed to an increase in the amount of rotational 
freedom of various hydroxyl groups with respect of each other as they are further 
separated along the copolymer chain. The increasing distance between hydroxyl groups 
of SHS affect their accessibility to form intermolecular hydrogen bonds, and decreases 
the presence of intra-molecular hydrogen bonding. This results in an increase in the 
number of hydroxyl groups from SHS that can participate in intermolecular hydrogen 
bonding.  
      
Figure 5.14 Effect of spacing of the hydroxyl groups along the copolymer chain on the 
intermolecular hydrogen bonding strength, Δν, of (●) PVME, and (■) PEO blends. 
Lines are guide to the eye only. 
 
5.2.4 Effect of temperature on hydrogen bonding 
 
The temperature effect on the hydrogen bonding was studied for three blend 
systems using FTIR as detailed below.  
 
a) SHS/PEMA  
As discussed  in the literature for similar blends (i.e. P4HS or SHS with poly (n-
alkyl methacrylate)) [42, 43] the effect of temperature should be evident in three 
0 10 20 30 40 50 60 70 80 90 100
mole-% HS in SHS copolymers
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spectral regions: (a) the 1000-1600 cm-1 region, which is mostly composed of aromatic 
ring vibrations, (b) the carbonyl stretching region (1650-1800 cm-1) and (c) the hydroxyl 
vibration region (3000-3800 cm-1) [41]. However, the discussion presented below 
focuses on the two main regions of importance to the blends, neglecting the first region 
(i.e. 1000-1650 cm-1). 
 
  A typical sequence of spectra collected at different temperatures in the carbonyl 
vibration region is displayed in Figure 5.15. The contributions from free (1730 cm-1) 
and hydrogen bonded C=O groups (1705 cm-1) are easily separated. It can be seen that 
increasing temperature leads to a decrease in the number of H-bonded C=O groups. To 
investigate the effect of temperature quantitatively, we have separated the free and 
hydrogen-bonded contributions by fitting the IR spectra in the region 1600 to 1800 cm-1 
using two Gaussian functions. The parameters resulting from the curve fitting procedure 
(vibration position,, and absorption intensities, A) are listed in Table 5.3. Taking the 
curve fitting results, the concentration of free and hydrogen bonded carbonyl groups can 
be calculated, keeping into account of the different absorption coefficients of bonded 
and free carbonyl groups. It was found that the absorptivity ratio of carbonyl vibrations 
varies from 1.2 to 1.75 depending on the systems [42]: for inter-association in PHS 
blends the aHB/aF ratio is equal to 1.5 according to previous infrared studies of hydroxyl-
carbonyl inter association [34]. The fractions of hydrogen bonded or free groups, fHB 
and fF respectively, are given by [34], 
 
fୌ୆ ൌ ሺ1 െ f୊ሻ ൌ Aୌ୆ቂAୌ୆ ൅ A୊ ቀaୌ୆a୊ ቁቃ
																						ሺ5.1ሻ 
 
where AHB and AF are the absorbance of hydrogen bonded and free carbonyls 
respectively; aHB and aF are the corresponding absorption coefficients. Typical curve fits 
are shown in Figure 5.15 (b) and (c) for spectra collected at 25 and 150oC, respectively.  
Hydrogen bonding fractions results (Table 5.3) indicate that the number of hydrogen 
bonds in SHS50/PEMA is bigger than the Hydrogen bonding fraction of P4HS/PEMA 
as published by Serman and co-workers [43]. The dilution of hydroxyl groups in 
SHS50/PEMA by styrene leads to increased distance between hydroxyl groups, so, they 
are unable to form self-association bonds but free to form intermolecular interaction 
with carbonyl groups. However, with increasing temperature there is a decrease in 
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hydrogen bond strength, but not enough to break the hydrogen bonds between hydroxyl 
and carbonyl groups. Nevertheless, the position of the hydrogen bonded C=O band 
would be shifts to higher wavenumbers.  
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Figure 5.15 FTIR spectra in the carbonyl region of 59/41 SHS50/PEMA blend recorded 
as function of increasing temperature (a), and a curve fitting for 25 oC (b) and 150 oC 
(c). 
 
Table 5.3- Curve fitting results for carbonyl region of SHS50/PEMA 59/41 mole-%. 
Temperature/ 
oC 
AF AHB ν/cm-1 
F C=O 
ν/cm-1 
H-B C=O 
fFC=O 
 
fHB C=O 
 
25 6.43 30.06 1728 1712 0.243 0.757 
110 8.31 24.55 1728 1713 0.337 0.663 
120 8.44 24.29 1728 1713 0.343 0.657 
130 8.93 24.06 1728 1713 0.358 0.642 
140 8.87 23.30 1728 1713 0.363 0.637 
150 8.79 23.14 1728 1713 0.363 0.637 
25 6.80 28.45 1728 1713 0.264 0.736 
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Figure 5.16 illustrates the effect of the changes in the temperature in hydroxyl 
region for SHS50/PEMA: the intensity of the free hydroxyl band (~3530 cm-1) at 25 oC 
increases as the temperature rises to 110 oC or more. The quantitative separation in 
hydroxyl region (i.e. 3000 to 3550 cm-1) of the free and hydrogen-bonded contributions 
of SH50/PEMA using two Gaussian functions is quite difficult. The second derivative is 
more appropriate to clarify the positions of bands at different temperature. As shown in 
Figure 5.17at room temperature only one band is observed centred at 3442 cm-1. The 
complete disappearance of the free OH band demonstrates that all hydroxyl groups in 
SHS50/PEMA are connected with C=O groups. Furthermore, the disappearance of 
bands in the region between 3200 and 3380 cm-1 reflects fact that OH groups are unable 
to self-associate. However, a temperature increase above 100 oC frees some of the 
hydroxyl groups from interacting with C=O groups, so, they appear as a free OH band 
at about 3540 cm-1(Figure 5.17).  
 
Figure 5.16 FTIR spectra recorded at different temperatures in the 3800-3000 cm-1 
region for 59/41 SHS50/PEMA blend 
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Figure 5.17 Second derivative spectra recorded at different temperatures in the 3800-
3000 cm-1 region for 59/41 SHS50/PEMA blend. 
 
 
a) SHS50/PVME blends 
 
FTIR spectra of 59/41 a SHS50/PVME blend at various temperatures are displayed 
in Figure 5.18. It can be seen from Figure 5.18 that the area under the absorption band 
at 3320cm–1 (i.e. hydrogen bonds between SHS and PVME) decreases steadily and the 
peaks shift to higher wavenumbers with increasing temperature. On the other hand, the 
absorption band at 3530 cm–1 (i.e. free hydroxyl group) increases as the temperature is 
increased. Therefore, we can conclude that the number of the hydrogen bonds decreases 
with increasing temperature. However, hydrogen bonds still exist even at temperatures 
as high as 150 oC. The same tendency can be observed for other compositions. As a 
result, SHS/PVME blends are miscible over a wide range of temperatures. To resolve 
the broad band at 3320 cm-1 and also in the attempt to show the effect of temperature on 
intra- and intermolecular bands, the second derivative of each spectrum was calculated 
(Figure 5.19). It is clearly seen that at ambient temperature there are two bands at 3305 
and 3395 cm-1, respectively. The first band is attributed to intermolecular hydrogen 
bonds, and other one reflects the existence of intra-molecular hydrogen bonds. 
30003100320033003400350036003700
Se
co
nd
 d
er
iv
at
iv
e
Wavenumber/cm-1
25 oC
100 oC
150 oC
Chapter 5 Physical aging of styrene-co-4-hydroxystyrene blends 
166 
 
Furthermore, the intermolecular OH band with Δν ≅225 cm-1 is much stronger than the 
intra-molecular one (∆υ ≅140 cm-1). Increasing temperature close to the glass transition 
has caused considerable changes in the strength and intensity of inter- and intra-
association bands. From Figure 5.19 it can be seen that when temperature rises to 100 
oC the intermolecular hydrogen bonding becomes weak and the band shifts to high 
wavenumbers ( ~ 3340 cm-1), also the intensity becomes low resulting in a decrease in 
the number of intermolecular interactions. On the other hand the intensity of the intra-
molecular band increases, which reflects an increase in the number of intra-molecular 
bonds. However, the strength of the intra-molecular bonds decreases with increasing 
temperature, whereas the band has shifted to high wavenumber (~ 3415 cm-1). As 
temperature increases to 150 oC or more the intermolecular hydrogen band shifts 
overlaps with the intra-molecular band, causing a broad band centred at ~ 3425 cm-1. 
Thus, it can be said that when the temperature rises to 150 oC or over the separation of 
the overlapping bands becomes difficult, even with second derivative calculations.  As 
for the effect of temperature on the free OH band, Figure 5.19 clearly illustrates that the 
increasing of temperature lead to an increase in the intensity of the OH band, which 
means an increase in free hydroxyl group numbers.   
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Figure 5.18 FTIR spectra at different temperatures in the 3700-3000 cm-1 region for 
59/41 SHS50/PVME blends: (▬▬▬) 25 oC, (▬●●▬●●▬) 100 oC, and (…………) 150 
oC.  
 
Figure 5.19 Second derivative of FTIR spectra of 59/41 SHS50/PVME blend at: 
(▬▬▬) 25 oC, (▬●●▬●●▬) 100 oC, and (…………) 150 oC.  
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b) SHS50/PEO blends 
 
Our results in chapter 4 indicated that the increasing of the temperature affects 
hydrogen bonding of P4HS/PEO blends: the hydrogen bonding bands shifts to high 
wavenumbers and the intensity decreases. However, with increasing the composition of 
PEO in the blend the effect of temperature decreases. Figure 5.20 presents IR spectra of 
a 59/41 SHS50/ PEO blend at different temperatures. As temperature increases the 
hydrogen bonding interactions in strength and the hydrogen bonding band shifts from ~ 
3360 cm-1 at 25 oC  to  ~ 3403 cm-1 at 150 oC.The spectra have been compared to a 
P4HS/PEO blend with same blend composition, and the comparison indicates that even 
when the temperature is as high as 150 oC there is no effect on the strength and number 
of hydrogen bonds. 
  
In an attempt to separate the peaks, we have calculated the second derivative at 
different temperature (Figure 5.21). However, it seems that the second derivative is 
unable to separate the overlapping peaks and the reason might be attributed to the 
magnitude in the number of bonds between oxygen ether and hydroxyl groups in 
comparison to the number of intra or inter interactions between hydroxyl groups 
themselves.           
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Figure 5.20 FTIR spectra at different temperatures in the 3700-3000 cm-1 region for                   
59/41 SHS50/PEO blend: (▬▬▬) 25 oC, (▬●●▬●●▬) 100 oC, and (…………) 150 
oC. 
Figure 5.21 Second derivative spectra of 59/41 SHS50/PEO blend at: (▬▬▬) 25 оC, 
(▬●●▬●●▬) 100 oC, and (…………) 150 oC. 
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5.3 Enthalpy relaxation 
   
 5.3.1 Enthalpy relaxation of SHS/poly(alkyl methacrylate) blends 
 
5.3.1.1 SHS/PMMA blends  
 
The midpoint Tg, Tg temperature range (∆T) and experimental ∆Cp values for 
SHS/PMMA blends are shown in Table 5.4. Shown in Figure 5.22 is the HS content 
composition dependence of Tg(mid) for the PMMA blends.  In general, increasing the 
HS content in either the copolymers or blends results in an increase in Tg(mid).  In 
comparison with SHS copolymers (Chapter 3, Table 3.8), the data in Table 5.4 clearly 
shows that SHS/PMMA blends have lower Tg than the corresponding SHS copolymers 
suggesting that the blends are less constrained than the corresponding copolymers, and 
perhaps not as strongly hydrogen bonded.  
 
Table 5.4 Tg data for 59/41PMMA/SHS blends 
Sample Tg (mid) / K ∆T / K ∆Cp / JK-1g-1 
PMMA 385 8.3 0.207 
SHS30/PMMA 401 8.6 0.276 
SHS50/PMMA 409 6.6 0.271 
SHS70/PMMA 419 10.3 0.283 
P4HS/PMMA 411 8.8 0.304 
 
 
The level of microheteroegeneity in the blends can be judged by the magnitude of ∆T.  
Large values of ∆T usually indicate increased microheterogeneity. In general, ∆T values 
were higher for the blends than the copolymers, which is not unexpected given the 
inherent heterogeneity of polymer blends and increased hydrogen bonding distributions.  
The change in heat capacity (∆Cp) at Tg can be related to the change of degrees of 
freedom at the glass transition resulting from free volume changes [162].  Moreover, the 
∆Cp value of SHS30/PMMA blend is lower than the value for the copolymer.  However, 
copolymers with 50 and 70 mole % HS, have lower values of ∆Cp than those of the 
blends.  
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Based on the Tg and ∆Cp values we can initially say that the interactions in 
SHS/PMMA blends increase with increasing the amount of HS groups in the 
copolymer.  
 
In the present work we display the effect of styrene dilution of hydroxyl groups 
in the SHS copolymers on the enthalpy relaxation of SHS/PMMA blends as function of 
physical aging.  
 
 
Figure 5.22 Composition dependence of midpoint Tg for 59/41 SHS/PMMA blend (■) 
and SHS copolymers (□). 
 
 
More specifically we have measured the enthalpy relaxation of 59/41 
SHS/PMMA blends for three SHS compositions (30, 50, and 70 mole-% HS). Figure 
5.23 shows typical Cp data for 59/41 SHS50/PMMA aged at 15 K below Tg. The size 
and the maximum of the endothermic recovery peak increase with increase in aging 
time. This behaviour is similar for all of the blends. The comparative Cp curves for all of 
SHS/PMMA blends aged at three temperatures below Tg are shown in Figure 5.24 for 
2000 min. These authorize us to evaluate qualitatively the difference in enthalpic 
recovery behaviour between the blends. The blends with high styrene content in the 
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copolymer presented relatively high and narrow enthalpy relaxation peaks, which point 
to a quick release of energy. However, the peaks of the blends with high hydroxyl group 
content in the copolymers, on the other hand, are broad and short indicating that energy 
is released over a much wider range of temperature. Such an occurrence is consistent 
with the hydrogen bonding effect seen on ∆T.  
 
 
 
Figure 5.23 Heat capacity curves for 59/41 SHS50/PMMA blend at Tg -Ta = 15 K: 200 (……..), 
500 (- - - - -) and 2000 (▬●●▬●●▬) minutes. 
 
 
The SHS/PMMA blend data were fitted to the CF model and the parameters are 
given in Table 5.5.  Plots of t ∆H (Ta, ta) versus log (ta), including the theoretical curves 
obtained from the CF model are shown in Figure 5.25. The main point to note is that 
generally the enthalpy lost after a given aging time increases as Ta decreases.  This is 
what we would expect since the distance between the glassy and extrapolated liquid 
enthalpy lines increase as the system progresses deeper into the glassy region.   
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Figure 5.24 Heat capacity curves (aged and unaged) for ta = 2000 minutes. From bottom 
to top SHS30/PMMA, SHS50/PMMA, SHS70/PMMA and PHS/PMMA: (a) Tg – 5, (b) 
Tg – 10 and (c) Tg - 15. 
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Table 5.5 CF parameters for 59/41 SHS/PMMA blends. 
 
blends  
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞(Ta) 
(J g-1) 
 
log tc 
(min) 
 
β 
 
SHS30/PMMA
386 
391 
396 
15 
10 
5 
1.77 
1.65 
0.78 
2.46 
2.33 
1.23 
0.32 
0.32 
0.32 
 
SHS50/PMMA
394 
399 
404 
15 
10 
5 
1.89 
1.76 
0.94 
2.59 
2.51 
1.48 
0.24 
0.24 
0.24 
 
SHS70/PMMA
404 
409 
414 
15 
10 
5 
1.96 
1.78 
1.42 
2.25 
2.06 
2.12 
0.47 
0.47 
0.47 
 
P4HS/PMMA
 
396 
401 
406 
15 
10 
5 
2.93 
3.08 
2.35 
2.58 
2.53 
2.03 
0.39 
0.39 
0.39 
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Figure 5.25 Enthalpy relaxation data for the blends: (a) SHS30/PMMA at Ta = 386 K 
(○), 391 K (□) and 396 K (∆); (b) SHS50/PMMA at Ta = 394 K (○), 399 K (□) and 404 
K (∆), (c) SHS70/PMMA at Ta = 398 K (○), 403 K (□) and 408 K (∆). Solid lines are 
fits to the experimental data using the CF equation. 
 
 
Figure 5.26 displays all the ∆H∞(Ta) data plotted as a function of distance from 
Tg. In the cases of SHS/PMMA blends ∆H∞(Ta) values increase with increasing the 
percentage of HS in the copolymers. 
 
The kinetics of aging could be measured by monitoring log (〈ݐC〉) against (Tg – 
Ta). A small value implies a fast relaxation process.  The fastest relaxation rate is 
observed for PHS/PMMA (Figure 5.27). The rate of relaxation increases with increasing 
HS groups in the copolymers. Thus, both SHS50/PMMA and SHS70/PMMA aged 
slower than PHS/PMMA. Moreover, aging at 5 K below Tg caused an increase in the 
relaxation rate as reflected by a lower value of the log(〈ݐC〉) parameter. This suggests a 
less cooperative relaxation process at this Ta.  Furthermore, all PMMA blends relaxed 
slower than the corresponding SHS copolymers at similar undercooling.  This is 
illustrated for all systems in Figure 5.28 (a) – (c).  Data in Figure 5.28 demonstrate that 
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there is good agreement between the increase in relaxation rate with increasing HS 
content in the copolymers and FTIR results. 
 
 
 
Figure 5.26 Enthalpy relaxation for the 59/41 SHS/PMMA blends contents percentages 
of 4-hydroxystyrene in the copolymers as follows: (ж) 30; (□) 50; (O) 70 mole-%; and 
(◊) P4HS/PMMA blends. Data are based on the CF equation calculations.  
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Figure 5.27 Average relaxation time as a function of (Tg-Ta) for the 59/41 SHS/PMMA 
blends content HS in the copolymers as follows: (ж) 30; (□) 50; (O) 70 mole-% HS; and 
(◊) P4HS/PMMA blends. Data are based on the CF equation calculations.  
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Figure 5.28 Variation of log(〈ݐC〉) with (Tg – Ta) for (a) SHS30/PMMA (O), SHS30 (□); 
(b) SHS50/PMMA (O), SHS50 (□); and (c) SHS70/PMMA (O), SHS70 (□).   
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5.3.1.2 SHS/PEMA blends  
 
The FTIR results have clearly confirmed that hydrogen bonding strength 
between hydroxyl groups of SHS copolymers and carbonyls of PMMA are quite similar 
to that between SHS and PEMA, which indicates that addition of methylene units have 
little effect on the interactions. Thus, only one SHS/PEMA blend (i.e. SHS50/PEMA) 
was studies in the attempt to investigate the effect of dilution and methylene addition in 
these systems.  
 
  As for SHS/PMMA, the Cp data of SHS50/PMMA aged for 2000 min at three 
temperatures below Tg were collected and then are compared with P4HS/PEMA in 
Figure 5.29. These make it possible to qualitatively the difference in enthalpic recovery 
behaviour between the blends. The blends with high styrene content in the copolymer 
presented relatively high and narrow enthalpy relaxation peaks. The enthalpy relaxation 
peaks in P4HS/PEMA, on the other hand, are broad and short. Moreover, for 
SHS50/PEMA the relaxation peak becomes broader at temperatures close to Tg as a 
result of hydroxyl groups that may have ordered together to create more favourable 
domains hindering the movement of styrene units. This phenomenon is absent in 
P4HS/PEMA. Thus, the shape of the relaxation peak does not change with temperature. 
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Figure 5.29 Heat capacity curves (aged and unaged) for ta = 2000 minutes. From bottom 
to top 49/51 P4HS/PEMA, 59/41 SHS50/PEMA: (a) Tg – 5, (b) Tg – 10 and (c) Tg - 15.  
 
 
Enthalpy relaxation data ∆H(Ta, ta), for three aging temperatures (i.e. Tg-15, Tg-
10 and Tg-15) are plotted in Figure 5.30. Also plotted are the theoretical curves obtained 
from a fit to the CF model. It can be noted from Figure 5.29 that at aging temperature 
closed to Tg the enthalpy relaxation data of SSH50/PEMA reach plateau faster than 
other temperature as in SHS50/PMMA (Figure 5.25 b).  
 
CF parameters are reported in Table 5.6. ∆H∞(Ta) and the relaxation time 
(Log(tc)) increase as aging temperature decreases, as expected.  
 
Figure 5.31 displays all ∆H data as function of distance from Tg. As expected 
∆H(Ta) data for  SHS50/PEMA are intermediate between those of the SHS50 
copolymer and PEMA as result of intermediate hydrogen bonding interactions in 
SHS50/PEMA. The similarity of ∆H∞(Ta) results of SHS50/PEMA (Table 5.6) with 
those of SHS50/PMMA (Table 5.5) confirms that the addition of methylene groups does 
not affect aging. 
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 The kinetics of aging of SHS50/PEMA was measured by monitoring the 
log(〈ݐC〉) against (Tg – Ta). The increase of log(〈ݐC〉) values of SHS50/PEMA blend with 
compared of SHS50 copolymer revealed that the blend relaxed slower than the 
copolymer. Moreover, at Ta near Tg (i.e. Tg-5) the relaxation of the blend becomes more 
fast than other aging temperatures because the hydrogen bonding of hydroxyl groups in 
the copolymer may have ordered together to create more favourable domains hindering 
the styrene units less able move, and then make blends to relax more faster in this 
temperature.  
 
Table 5.6 CF Parameters for 59/41 SHS50/PEMA blend  
Ta 
/ K 
Tg – Ta 
/ K 
H(Ta) 
/ Jg-1 
log(tc) 
/ min) 

384 15 1.81 2.18 0.29 
389 10 1.42 1.91 0.29 
394 5 1.11 1.33 0.29 
 
 
Figure 5.30 Enthalpy relaxation data for 59/41 SHS50/PEMA blend at Ta = 384 K (○), 
389 K (□) and 394 K (∆). Solid lines are fits to the experimental data using the CF 
equation. 
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Figure 5.31 Enthalpy relaxation for 59/41 SHS50/PEMA (O), 49/51 PHS/PEMA (Δ) 
and SHS50 copolymer (◊). 
 
 
Figure 5.32 Average relaxation time as a function of (Tg-Ta) for 59/41 SHS50/PEMA 
(Δ).For comparison data for SHS50 copolymer (O); and PEMA (□) are included.  
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5.3.2 Styrene-4-hydroxystyrene/polyethers blends 
 
In section 5.2.2 from this chapter we have examined the effects of dilutions and 
copolymer compositions of SHS copolymers on the strength of their intra- and inter-
association interaction with PEO and PVME. Here, we try to explore same effects on 
the enthalpies relaxations of SHS/PEO and SHS/PVME blends as functions of physical 
aging. 
 
 
5.3.2.1 SHS/PEO blends 
  
Figures 5.33 and 5.34 display typical Cp data for 59/41 SHS50/PEO and 59/41 
SHS70/PEO samples aged at 15K below Tg. The presence of styrene in the copolymer 
causes that the width of the glass transition has narrowed but not as much as SHS 
copolymers, suggesting that the distributions of hydrogen bonds should be intermediate 
between P4HS/PEO blend and SHS. 
 
With respect to the effect of the strength of hydrogen bonds in SHS50/PEO 
blends on the shape of Cp data, Figure 5.35 shows that as hydrogen bonds increase the 
width of Tg becomes broader as result of intermolecular hydrogen bonding interactions 
that have been reported to be stronger than self-associations interactions in SHS 
copolymers [113, 163]. Thus, the enthalpy relaxation peaks of all SHS/PEO blends 
under study are more broads and shorts comparison with SHS copolymers (Figures 5.35 
and 5.36). The intermolecular hydrogen bonding interactions in SHS50/PEO blends are 
also reason to make the energy releases over a much wider range of temperature.  
 
Enthalpy relaxation data ∆H(Ta, ta) for the three aging temperatures studied (i.e. 
Tg-5,  Tg-10, and  Tg-15 ) at various aging times up to 125 hours are plotted in Figures 
5.37 and 5.38. Also plotted are the theoretical curves obtained from a fit to CF model. 
The three parameters ∆H∞(Ta), log (tc) and β are determined by using a non-linear least 
squares curves fitting algorithm as we have explained in the introduction. Table 5.7 lists 
the values of the three parameters for each aging temperature. As expected ∆H(Ta) 
increase with decreasing Ta. ∆H(Ta, ta) values also appear that the distance from the 
equilibrium enthalpy curve increases as the departure from Tg to Ta increases.  
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Figure 5.39 shows ∆H (Ta) against the distance from Tg of 59/41 blends 
composition:  SHS50/PEO, SHS70/PEO blends and P4HS/PEO (note:  ∆H (Ta) data of 
59/41 P4HS/PEO blend have been taken for comparison from Chapter 4). It appears that 
59/41 SHS/PEO blends is a complex function of hydrogen bonding, and its enthalpy 
relaxation parameters, can be justified by taking these interactions into account. 
Recalling from Chapter 3 that hydrogen bonding can be seen as equilibrium, it follows 
that in the blends there are basically two competitive equlibria, the hydroxyl self-
association and hydroxyl-ether interactions. Since there is a 2:1 excess of hydroxyl 
groups at high Ta (i.e. close to Tg region), the complete intermolecular bonding 
interactions between hydroxyl groups and ether in SHS/PEO blends are impeded by 
self-association interactions. Moreover, the enthalpy released of SHS/PEO blends is 
higher than the copolymers (Figure 5.40) as a result of that the numbers of 
intermolecular hydrogen bonds in SHS/PEO blends are stronger than self-association 
once in SHS copolymers.  
 
   
 
Figure 5.33 Heat capacity curves for 59/41 SHS50/PEO at Tg -Ta = 15 K for 200(……..), 
500(▬●●▬●●▬) and 2000 (▬ ▬ ▬) minutes  
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Figure 5.34 Heat capacity curves for 59/41 SHS70/PEO at Tg -Ta = 15 K for 200 (……..), 
500 (▬●●▬●●▬) and 2000 (▬ ▬ ▬) minutes. 
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Figure 5.35 Heat capacity curves (aged and unaged) for ta = 2000 minutes. (1) SHS50, 
(2) SHS50/PEO, and (3) P4HS/PEO: (a)Tg – 5, (b) Tg – 10 and (c) Tg - 15. 
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Figure 5.36 Heat capacity curves (aged and unaged) for ta = 2000 minutes. From bottom 
to top SHS70, 59/41 SHS70/PEO, and 59/41 P4HS/PEO at Tg – 10.  
 
Table 5.7 CF Parameters for 59/41 SHS/PEO   
 
blends  
 
Ta 
(K) 
 
Tg- Ta 
(K) 
 
∆H∞(Ta) 
(J g-1) 
 
log tc 
(min) 
 
β 
 
SHS50/PEO 
345 
350 
355 
15 
10 
5 
2.66 
1.90 
1.41 
2.28 
2.09 
1.84 
0.35 
0.35 
0.35 
 
SHS70/PEO 
359 
364 
369 
15 
10 
5 
2.71 
2.36 
1.63 
2.46 
2.37 
1.97 
0.33 
0.33 
0.33 
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Figure 5.37 Enthalpy relaxation data for 59/41 SHS50/PEO blend at Ta = 345 K (○), 
350 K (□) and 355 K (∆). Solid lines are fits to the experimental data using the CF 
equation. 
Figure 5.38 Enthalpy relaxation data for 59/41 SHS70/PEO blend at Ta = 360 K (○), 
365 K (□) and 370 K (∆). Solid lines are fits to the experimental data using the CF 
equation. 
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Figure 5.39 Enthalpy relaxation for the 59/41 SHS50/PEO (□) and 59/41 SHS70/PEO 
(◊); for the comparison the data has plotted with 59/41 PHS/PEO (Δ). ∆H∞ data are 
extracted from fits.  
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Figure 5.40 Enthalpy relaxation for the 59/41 SHS50/PEO (□); for the comparison the 
data has plotted with 59/41 PHS/PEO blend (Δ) and SHS50 copolymer (◊). ∆H∞ data 
are extracted from fits.  
 
 
The hydrogen bonding interactions of P4HS/PVME have been reported to 
hinder relaxation [55, 110], favour co-operativity and increase the friction coefficient 
[55]. Our aging results of P4HS/PEO blends (Chapter 4) also indicated that the 
intermolecular hydrogen bonding retarded the relaxation. Thus, depending on the fact 
that only the interacting fraction can relax we expected that the average relaxation time 
〈ݐC〉 of SHS50/PEO blend as a function of aging kinetics increases as intermolecular 
hydrogen bonds interactions between hydroxyl groups of P4HS and ether oxygen in 
PEO increase. Moreover, self-association interactions in the SHS copolymers are bigger 
than those in its blends with PEO and this should make copolymers relax more slowly 
than the blends. However, log(tc) data (Table 5.7) indicate that the 59/41 SHS50/PEO 
blend relaxes more slowly than SHS50 copolymer. These results confirm that as the 
self-association interactions between hydroxyl groups increase the rigidity in the 
copolymer or blend increase; thus any attempt to motion of the segments will lead to 
destroy hydrogen bonds and this increases the relaxation rate.  This phenomenon (i.e. 
hydrogen bonds destruction) is missed in SHS50/PEO blend as result of that hydrogen 
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bonds in SHS50/PEO is more flexible; consequently, the motion will not be 
accompanied by the destructions of hydrogen bonds. However, SHS50/PEO blend will 
undergo segments rearrangement that is needed long time, which means that SHS/PEO 
blends relax more slowly than SHS copolymers (Figure 5.41). Moreover, the effect of 
repulsion forces between styrene units on the SHS copolymer and PEO unites will leads 
the blend lost its motion forces, which means slow relaxation. On the other hand the 
increasing of styrene units in SHS/PEO blends leads to increase in un-associated PEO 
units that will make SHS/PEO blends to relax faster than P4HS/PEO blends (Figure 
5.42).        
 
 
Figure 5.41 Average relaxation time as a function of (Tg-Ta) for the 59/41 SHS50/PEO 
blends (□); for the comparison the data has plotted with SHS50 copolymer (◊). Data are 
based on the CF equation calculations.  
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Figure 5.42 Average relaxation time as a function of (Tg-Ta) for the 59/41 SHS50/PEO 
(□) and 59/41 SHS70/PEO (◊); for the comparison the data has plotted with 59/41 
PHS/PEO blend (Δ). Data are based on the CF equation calculations.  
 
 
 5.3.2.2 SHS/PVME blends  
 
Enthalpy relaxation experiments were carried out on a 59/41 SHS50/PVME 
blend. The choice of this composition was motivated primarily by desirability to 
compare its aging behaviour with that of a P4HS/PVME blend having the same PVME 
content, as reported by Arrighi and co-workers [110].  
 
Figures 5.43 (a) and (b) display an isothermal set of aged Cp curves at different 
ta of 59/41 SHS50/PVME at 15 and 10K below Tg, respectively. The shifting of Cp 
curves increases as aging times increase at Ta far from Tg (i.e. Ta= Tg-15 or more), 
however, at aging temperature that are near to Tg (i.e. Tg-10 or less) the upward shift of 
the transition onset with ta is absent (Figure 5.43 (b) ) that suggests that not all of the 
segments undergo aging. It follows that there is a fraction of polymer segments that 
does not contribute to the overall ∆H(Ta, ta) when are free to move. This would be also 
explaining the appearance of enthalpic peak near the middle of the transition. Moreover, 
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in Figure 5.44 the effect of ether-hydroxyl hydrogen bonding interactions clearly 
appears with Cp peaks of SHS50/PEO blend. The width of glass transition appears to be 
more broad comparison with SHS50 copolymer that has self-association interactions 
that have been reported to be weaker than ether-hydroxyl intermolecular interactions. 
However, at Tg-15 or less, Cp peaks of SHS50/PEO blend appear to be high and narrow 
(Figure 5.44). This behaviour could be attributed to the mobility increasing of styrene 
unites that lead to hindering the ordering of hydrogen bonds.  
 
Figure 5.45 shows ∆H(Ta, ta) versus log10(ta) for all three aging temperatures. 
The data collected at Tg-5 (i.e. 374 K (∆)) reached a limiting value after a relatively 
short aging time (~ 10 minutes). The CF parameters obtained from these data and the 
other aging temperatures studied are listed in Table 5.8. 
 
The enthalpy relaxation at 374K is almost too fast to be accurately measured by 
DSC. It is not feasible to collect enthalpy relaxation data below an aging time of five 
minutes due to the thermal lag effects within the sample. Data points at short aging 
times are therefore restricted at this temperature. However, the data shown in Figure 
5.44  for Ta=374K for aging times ranging from 10 minutes to 2000 minutes were 
reproducible, therefore this rapid relaxation is real phenomenon for this particular 
sample of  59/41 SHS50/PVME blend. This suggested that, at this temperature the 
restricted molecular motions occurring in the glass are of longer range. Thus, the sample 
might not be behaving like a ‘true’ glass at this aging temperature. Although, other 
workers [135] have reported enthalpy relaxation data of PS at temperatures of less than 
2 degrees below Tg. However, the validity of data collected under these conditions could 
be questioned. 
 
  FTIR measurements of SHS/PVME blends (sec. 5.2.2.2) and the effect 
of hydrogen bonding strength in these types of blends (i.e. polyether/P4HS based 
blends) on the enthalpy relaxation[110], one would expect that the distance between 
non- equilibrium state to thermodynamic equilibrium state (∆H (Ta)) would increase 
with increasing the interaction strength in the blend. 
Figure 5.46 displays enthalpy relaxation ∆H(Ta) against the Tg-Ta of 59/41 
SHS50/PVME, 59/41 P4HS/PVME and SHS50 copolymer (note:  ∆H (Ta) data for 
59/41 P4HS/PVME SHS50 have taken for comparison from ref. [110] and section 
3.2.2.2 of Chapter 3, respectively). It appears that ∆H(Ta) values of 59/41 
Chapter 5 Physical aging of styrene-co-4-hydroxystyrene blends 
197 
 
SHS50/PVME blend are close to those of SHS50 copolymer (sec. 5.2.2.2). On the other 
hand ∆H(Ta) values of 59/41 SHS50/PVME are lower than 59/41 P4HS/PVME blend. 
The reason of low ∆H(Ta) values of SHS50/PVME could be attributed also to the 
present of styrene units that have been found have very weakly interacting with PVME 
ether oxygen [158, 164, 165] in comparison with strong interaction of P4HS/PVME 
blend.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.5
0.8
1.1
1.4
1.7
2
330 340 350 360 370 380 390 400 410 420
C
p/J
 K
-1
g-
1
T/K
(a)
Chapter 5 Physical aging of styrene-co-4-hydroxystyrene blends 
198 
 
 
 
Figure 5.43 Heat capacity curves for 59/41 SHS50/PVME at Tg -Ta = 15 K (a), 
and Tg -Ta = 10 K (b) for 200 (……..), 500 (▬●●▬●●▬) and 2000 (▬ ▬ ▬) minute 
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Figure 5.44 Heat capacity curves (aged and unaged) for ta = 2000 minutes. From bottom 
to top (1) SHS50, (2) SHS50/PVME, and (3) P4HS/PVME: (a)Tg – 5, (b) Tg – 10 and 
(c) Tg - 15. 
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Figure 5.45 Enthalpy relaxation data for 59/41 SHS50/PVME blend at Ta = 364 K (○), 
369 K (□) and 374 K (∆). Solid lines are fits to the experimental data using the CF 
equation. 
 
Table 5.8 CF Parameters for 59/41 SHS50/PVME  
Ta 
/ K 
Tg – Ta 
/ K 
H(Ta) 
/ Jg-1 
log(tc) 
/ min) 

364 15 1.90 2.23 0.49 
369 10 1.39 1.97 0.49 
374 5 0.91 1.10 0.49 
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Figure 5.46 Enthalpy relaxation for the (□) 59/41 SHS50/PVME. For the comparison 
the data has plotted with (O) SHS50 copolymer (Chapter 3) and (∆) 59/41 P4HS/PVME 
blend (Ref. [110]) . Data are based on the CF equation calculations 
  
 
 Figure 5.47 shows values of log(〈ݐC〉) against (Tg - Ta) for 59/41 
SHS50/PVME. Generally, the aging process appears to become faster with as aging 
temperature be closed to Tg and the opposite is true, which is to be expected given that 
the motion of relaxing elements will be slow and that will hinder the favourable 
rearrangements. For SHS50/PVME blends the behaviour of log(〈ݐC〉) data are identical 
to ∆H (Ta) behaviour, where the reasons of the increase or decrease in  log(〈ݐC〉) values 
itself causes the increase or decrease of ∆H (Ta).  
 
 Addition point, for 59/41 SHS50/PVME blend at Ta far from Tg (i.e. Tg-15) 
log(〈ݐC〉) value is close to SHS50 copolymer (sec. 3.2.2.2) . The reason of this special 
case could be related to that first the present of styrene units, where with increase the 
distance from Tg the styrene unites may be somewhat less free to move, second reason 
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would be related to hydrogen bonds segments rearrangements that become more slow 
with lower aging temperatures [134].     
 
 
 
Figure 5.47 Average relaxation time as a function of (Tg-Ta) for the (□) 59/41 
SHS50/PVME. For comparison data have been plotted with (O) SHS50 copolymer 
(Chapter 3) and (∆) 59/41 P4HS/PVME blend (Ref. [110]) . Data are based on the CF 
equation calculations 
 
 
5.3.3 Average segmental activation energies <Ea> from enthalpic aging parameters 
for SHS blends 
 
             It was explained early the importance of calculating the activation energy of 
polymer blends. Here, we will discuss the effect of dilution by styrene units on strong 
hydrogen bonds of SHS blends with carbonyl and ether polymers. 
To discussing the activation energy results of SHS blends we should first calculate the 
activation energies of neat copolymers. Thus, average segmental activation energies 
have been calculated from C-F parameters (Chapter 3) and the results are listed in Table 
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5.9. <Ea> values of SHS copolymers are usually lying between the values of neat 
polymers. Moreover, the increasing of hydroxyl groups in the copolymer leads to higher 
<Ea> values as a result of hydrogen bonding interactions that appear to impede the 
localised segmental relaxation and slow down the aging process. Thus, the activation 
energy of SHS copolymers is greater than that of PS. However, the <Ea> values of 
SHS70 (i.e. 70 mole-% HS) are higher than that of P4HS. This could be related to the Tg 
of P4HS that was found to be lower than SHS70 as a result of the extreme hygroscopic 
nature of P4HS as mentioned previously.  
   
 In regard to SHS/PMMA and SHS/PEMA blends, the average segmental 
activation energies have been calculated for four blends of SHS/PMMA and one blend 
of SHS/PEMA. Values of <Ea> are relatively large for SHS copolymers (Tables 5.8) 
compared to those measured for SHS/(PMMA or PEMA) blends and neat polymers (i.e. 
PMMA and PEMA)  (Tables 5.9 and 5.10). Moreover, as hydroxyl groups increases in 
the copolymer the activation energy of the blend increases as a result of the increase in 
hydroxyl-carbonyl hydrogen bonds. Furthermore, the increase of hydroxyl groups in 
SHS copolymer is likely decrease the repulsion forces between styrene units on the SHS 
copolymer and PMMA or PEMA. Consequently, the presence of hydrogen bonding 
interactions has produced a close packed blend with strong inter-chain H-bonding. This 
also affects average segmental activation energies.  
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Table 5.9 the average activation energies for SHS copolymers at several aging 
temperatures  
mol% HS 
in SHS 
Ta  
(K) 
Tg- Ta 
(K) 
log tc 
 (min) 
 <Ea>  
(kJ mole-1) 
<Ea>(a)  
(kJ mole-1) 
 
P4HS 
412  15.0 2.40  0.35  89.3   
87.5 
 
417  10.0 1.92  0.35  89.7 
422  5.0 1.03  0.35  83.6 
 
70% HS 
426 15.0 1.87 0.37 91.5  
92.1 431 10.0 1.81 0.37 92.1 
436 5.0 1.75 0.37 92.7 
 
50% HS 
403 15.0 1.98 0.39 87.7  
88.0 408 10.0 1.89 0.39 88.1 
413 5.0 1.79 0.39 88.4 
 
30% HS 
398 15.0 1.91 0.37 85.9  
85.5 403 10.0 1.78 0.37 86.0 
408 5.0 1.45 0.37 84.5 
 
PS 
358 15.0 2.30 0.38 80.0  
76.4 363 10.0 2.04 0.40 79.5 
368 5.0 0.48 0.40 69.6 
 (a) average values 
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Table 5.10 the average activation energies for 59/41 SHS/PMMA blends at several 
aging temperatures 
Blends or polymer Ta  
(K) 
Tg- Ta
(K) 
log tc 
 (min) 
 <Ea>  
(kJ mole-1) 
<Ea>(a)  
(kJ mole-1) 
PMMA 
(Data from ref. [22]) 
380 
385 
387 
15.0 
10.0 
7.4 
2.43 
2.10 
2.15 
0.43 
0.35 
0.30 
86.4 
84.1 
84.0 
 
84.8 
 
 
SHS30/PMMA 
386 
391 
396 
15.0 
10.0 
5.0 
2.20 
2.12 
1.23 
0.32 
0.32 
0.32 
84.6 
85.1 
79.4 
 
83.0 
 
 
SHS50/PMMA 
394 
399 
404 
15.0 
10.0 
5.0 
2.59 
2.51 
1.48 
0.24 
0.24 
0.24 
87.3 
87.8 
80.9 
 
85.4 
 
SHS70/PMMA 
398 
403 
408 
15.0 
10.0 
5.0 
2.25 
2.06 
2.12 
0.47 
0.47 
0.47 
89.5 
89.1 
90.7 
 
89.8 
 
P4HS/PMMA 
396 
401 
406 
15.0 
10.0 
5.0 
2.58 
2.53 
2.03 
0.39 
0.39 
0.39 
90.7 
91.5 
88.7 
 
90.3 
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Table 5.11 the average activation energies for 59/41 SHS/PEMA blend at several aging 
temperatures  
Blends Ta  
(K) 
Tg- Ta 
(K) 
log tc 
 (min) 
 <Ea>  
(kJ mole-1) 
<Ea>(a)  
(kJ mole-1) 
 
SHS50/PEMA 
384 
389 
394 
15.0 
10.0 
5.0 
2.18 
1.91 
1.33 
0.29 
0.29 
0.29 
83.4 
82.5 
79.2 
 
81.7 
 
 
 
With respect of SHS/polyether (i.e. SHS/PEO and SHS/PVME) blends their 
average segmental activation energies are listed in Table 5.12 and Table 5.13, 
respectively. In these types of blends our attention has focused on the effect of 
copolymer compositions of SHS on activation energy. 
 
Figure 5.48 displays <Ea> of 59/41 SHS/PEO blends with different copolymer 
compositions. From Figure 5.48, it can clearly be seen that the increase of styrene units 
in the copolymer leads to decreasing in the average segmental activation energy of 
SHS/PEO blends in comparison with P4HS/PEO blends as result of effect the repulsion 
forces between styrene units on the SHS copolymer and PEO units (see sec. 5.3.2.1) 
that make unassociated PEO segments in SHS blends relax faster than in P4HS blends 
as we have reported that previously (sec. 5.3.2.1). Since the relaxation time is a linear 
function of <Ea>; thus, the increase in the relaxation rate of the segments in SHS/PEO 
blends means a weak interaction between those segments compared with P4HS/PEO 
blends, which also mean that minimum energy is required starting segmental relaxation 
in SHS/PEO blends compared to P4HS/PEO blends.  
 
Regarding SHS50/PVME blends, their average segmental activation energies are 
also less than those of P4HS/PVME (Table 5.12) like SHS/PEO. However, the reason 
of that lack is different, where PVME is miscible with P4HS, so, there is not repulsion 
forces effect. However, as well known that the interactions between ether oxygen of 
PVME with styrene units are weaker than those between PVME ether oxygen and 
hydroxyl groups; consequently, the increase in styrene units in SHS copolymers leads to 
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increase the interactions of PVME ether oxygen units with styrene units on expanse of 
their interactions with hydroxyl groups. Thus, SHS/PVME blends relax faster than 
P4HS/PVME blends that means that <Ea> of SHS/PVME blends are less than <Ea> of 
P4HS /PVME blends.                 
 
Table 5.12 the average activation energies for 59/41 SHS/PEO blends at several aging 
temperatures  
Blends Ta  
(K) 
Tg- Ta 
(K) 
log tc 
 (min) 
 <Ea>  
(kJ mole-1) 
<Ea>(a)  
(kJ mole-1) 
 
SHS50/PEO 
345 
350 
355 
15.0 
10.0 
5.0 
2.28 
2.09 
1.84 
0.35 
0.35 
0.35 
76.6 
76.4 
75.8 
 
76.3 
 
 
SHS70/PEO 
357 
362 
367 
15.0 
10.0 
5.0 
2.46 
2.37 
1.97 
0.33 
0.33 
0.33 
80.8 
81.3 
79.3 
 
80.6 
 
P4HS/PEO 
360 
365 
370 
15.0 
10.0 
5.0 
2.62 
2.54 
2.20 
0.32 
0.32 
0.32 
81.8 
82.4 
81.1 
 
81.7 
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Figure 5.48 Average activation energy as a function of (Tg – Ta) for 59/41 SHS/PEO 
blends: (◊) 100; (∆) 70; and (□) 50mole-% HS in the copolymer. 
 
 
Table 5.13 the average activation energies for SHS/PVME (59/41 mole-%) blends at 
several aging temperatures  
Blends Ta  
(K) 
Tg- Ta 
(K) 
log tc 
 (min) 
 <Ea>  
(kJ mole-1) 
<Ea>(a)  
(kJ mole-1) 
 
SHS50/PVME  
364 
369 
374 
15.0 
10.0 
5.0 
2.95 
1.10 
0.79 
0.24 
0.24 
0.24 
83.2 
71.2 
70.0 
 
74.8 
 
 
P4HS/PVME ж 
381 
386 
391 
15.0 
10.0 
5.0 
3.30 
2.90 
2.50 
0.24 
0.24 
0.24 
89.6 
87.8 
86.0 
 
87.8 
 
(ж) data have been used from ref  [2] for comparison  
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6.1 Conclusions on FTIR results  
 
Infrared spectroscopy revealed that, in P4HS, the hydroxyl groups participate in the 
formation of self-associated hydrogen bonds, with some free hydroxyls remaining. 
However, the dilution of self-association interactions through the introduction of styrene 
units (i.e. SHS copolymers) does not affect their strength compared to pure P4HS.  For 
pure P4HS, it was noted that, with increasing temperature, the intra-molecular peak 
shifts towards higher wavenumbers and the intermolecular band disappears when the 
temperature reaches 100oC or higher. In contrast, the intensity of the free hydroxyl band 
increases as the temperature increases. Consequently, at higher temperature, the intra-
molecular interactions in P4HS are dominant, at the expense of intermolecular bonds.  
 
With respect to SHS copolymers, a temperature increase leads to a large increase 
in free hydroxyl groups, in comparison with P4HS, as a result of the presence of styrene 
units, which induce a kind of segregation between SHS chains, increasing the distance 
between hydroxyl groups. Thus, the hydroxyl groups of any SHS chain are unable to 
interact with other hydroxyl groups on other chains, causing an increase of free 
hydroxyl groups at the expense of intermolecular hydrogen bonds.   
   
  FTIR spectra of P4HS blends with PEO, PEMA, and P4VPy confirm that this 
polymer forms self-associating hydrogen bonds which are disrupted by blending with an 
interacting polymer component. For example, when P4HS is blended with PEO, most of 
the hydroxyl groups are bonded to the ether oxygens of the PEO units, in intermolecular 
association.  
 
The FTIR results in this study have confirmed that the hydroxyl groups in P4HS 
form strong hydrogen bonds with ether or vinyl pyridine groups. The strength and 
temperature stability of the hydrogen bonds increases as the ether or pyridine content in 
the blend increases. In P4HS/PEMA, the hydrogen bonding between hydroxyl and 
carbonyl groups is weaker. 
FTIR spectra of SHS/poly (n-alkyl methacrylate) (PMMA or PEMA) blends 
indicate that the strength of interaction between hydroxyl and carbonyl groups decreases 
with increasing number of styrene units. Moreover, the FTIR measurements indicate 
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that the hydroxyl-carbonyl interactions in the blends are weaker than the self-
association interactions between SHS chains. 
 
For SHS/polyether (PEO or PVME) blends, FTIR results show that hydrogen 
bonding is weaker than for P4HS blends and this effect increases with increasing 
styrene content in the copolymers. Furthermore, it is interesting to mention that 
although hydrogen bonds in P4HS/PEO blends are stronger than those in P4HS/PVME, 
SHS copolymers interact more strongly with PVME than PEO. This is likely to be due 
to repulsion forces between styrene units in SHS copolymers and PEO and their 
competition with hydrogen bonding interactions, while in SHS/PVME blends, the 
styrene units interact with the ether oxygen of PVME.  
 
 
6.2 Conclusions on enthalpy relaxation results  
 
It is extremely difficult to explain the enthalpy relaxation behaviour of highly 
self-associated systems such as P4HS and SHS copolymers. Values of enthalpy lost on 
annealing to equilibrium, ∆H(Ta), of P4HS and SHS were high. A possible reason is 
that during aging, the dynamic equilibrium of un-bonded groups is not completely 
achieved and during that segmental rearrangement, the hydrogen bonds are disrupted, 
but because of high hydroxyl group density, some of the hydrogen bonds are re-formed. 
 
The experimental results for log〈ݐ௖〉	 indicate that P4HS relaxes faster than PS, 
deep in the glass region (i.e. Ta= Tg-15 or less). Supposing that the relaxation rate 
increases with the increasing of the chains’ rigidity, this would explain the faster 
relaxation rate in the case of a stronger interaction.  
  
As shown by data for the SHS copolymers, the relaxation time is affected by 
dilution. For example, at 30 mole% HS, although the interactions are stronger compared 
with PS, the system relaxes more slowly near Tg. The hydroxyl groups may have 
ordered together to create more favourable domains, rendering the styrene units less 
able to move. However, SHS50 and SHS70 samples show faster relaxations, as 
indicated by the log〈ݐ௖〉 values, presumably as a result of the increase in H-bonding 
concentration. 
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 Aging experiments on PEMA were also carried out at different aging 
temperature below glass enthalpic transition. ∆H∞(Ta) values coincide with those of 
PMMA, which suggests that the interaction strengths in these polymers are similar. log 
tc values indicate that PEMA relaxes slower than PMMA at Ta far from Tg and faster 
than PMMA at Ta close to Tg.  
 
It was difficult to carry out enthalpy relaxation measurements on neat PEO, as 
experiments had to be conducted at low temperature and also due to the high 
crystallinity of the sample. Aging data could only be collected at Tg-5, as a result of the 
low amorphous content in PEO and the inability of the DSC instrument to detect a small 
change in heat capacity deep in the glassy region (i.e. Tg-10 or less).  
 
∆H∞ (Ta) and Log〈ݐ௖〉	 values at Tg-5 for PEO were very low in comparison to 
values reported for other homopolymers and copolymers. This supports the fact that the 
increase in the fraction of amorphous chains in semi-crystalline polymer would  result 
in the shift of the relaxation spectrum to longer times [140]. 
 
 Aging experiments on P4HS blends were also performed at different aging 
temperatures below the enthalpic glass transition. The average relaxation time 〈ݐc〉 
versus Tg -Ta data indicates that the aging process is hindered in the P4HS/PEO and 
P4HS/PEMA blends when compared with the blends’ components, as a result of 
intermolecular interactions. However, P4HS/P4VPy blends relax faster than P4HS and 
P4VPy, as result of very strong hydrogen bonds in these blends that suppress the motion 
of the segments to the minimum motion[156]. Thus, any attempt at molecular motion 
will lead to considerable destruction of hydrogen bonding interaction, which will cause 
faster relaxation. Thus, it can be concluded that that the average relaxation time,	〈ݐܿ〉, 
increases in the order  
P4HS/P4VPy < P4HS < P4HS/PEMA < P4HS/PEO < P4HS/PVME. 
 
This order reflects the fact that the average relaxation time,	〈ݐܿ〉, increases as the rigidity 
of the chains in the blend decreases.  
 
The ∆H (Ta) values of SHS/PMMA or SHS/PEMA blends were found to be 
less than for P4HS and higher than those of PMMA or PEMA. This observation is 
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consistent with reports that hydroxyl-carbonyl group interactions are weaker than self-
association between OH of P4HS [62]. 
   
For SHS/PEO blends, the enthalpy released upon aging is higher than that for 
SHS copolymers, as expected.  ∆H (Ta) values decrease with increasing styrene 
content in the copolymer, which causes a restriction of complete intermolecular 
interactions between hydroxyl groups and ether oxygen. Moreover, the presence of 
styrene units in SHS/PEO blends leads to an increase in unassociated PEO segments, 
which causes a faster relaxation of SHS/PEO in comparison with P4HS/PEO.  
 
Enthalpy relaxation experiments were carried out on 33/67 and 59/41 mole% 
SHS50/PVME blends.  ∆H (Ta) and log〈ݐ௖〉 values of the SHS50/PVME blends clearly 
confirmed that the relaxation time increases as PVME content increases in the blend, as 
a result of the increase in the intermolecular hydrogen bonding interactions between 
hydroxyl groups and the ether oxygen of the blend.  
  
 
6.3 Conclusions on average segmental activation energy results 
  
In	 this	 thesis,	 the average segmental activation energies 〈Ea〉 were	calculated	
using	the	equation	below.	Thus,	<Ea> is	dependent	on	both	the	aging	temperature,	
which	 is,	 in	 turn,	 dependent	 on	 Tg,	 and	 the	 distribution	 of	 the	 relaxation	 time,	
which	is	calculated	from	CF	model.		
		  
〈ܧܽ〉 ൌ ܴܶܽሾ〈݈݊߬〉 െ ݈݊ݐ0ሿ																					 
 
The 〈Ea〉 values of P4HS/PEMA were higher compared to PEMA, as a result of 
the glass transition temperature effect, which increases with increasing P4HS content. 
Moreover, the relaxation time distributions of P4HS/PEMA were wider than that of 
PEMA, which also caused an increase in 〈Ea〉. 
 
The	trend	of	〈Ea〉 for P4HS/PEO blends was similar to that observed for PEMA 
blends. Moreover, 〈Ea〉 values were much closer to those of P4HS than PEO, suggesting 
that P4HS dominates the glass transitions. Thus, the	 values	 of	 〈Ea〉	 of	 strongly 
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interacting blends (i.e. P4HS/PEMA, P4HS/PEO) increase with increase P4HS in the 
blend composition. 
 
The activation energies of P4HS/P4VPy blends were higher than those of 
P4HS/polyether and P4HS/PEMA, as a result of their high Tg.  
On average segmental activation energies,	〈Ea〉, of SHS/PMMA and SHS/PEMA 
were intermediate between the activation energies of the neat polymers and the 
copolymers, which added more support to the idea that hydroxyl-carbonyl group 
interactions in SHS/poly(n-alkyl methacrylate) samples are weaker than self-association 
interactions between P4HS units, but stronger than dipole-dipole interactions of PMMA 
or PEMA neat polymers [62]. 
 
The 〈Ea〉 values of all the SHS/polyether (PEO and PVME) blends were lower 
than those of the copolymers, as a result of the domains of PEO and PVME, which have 
low Tg.               
 
 
6.4 Future work 
  
  In the experimental chapter, the synthesis of deuterated P4HS was described. 
The plan was to use neutron scattering to investigate the dynamic behaviour of H-
bonded P4HS-d/PEO blends, particularly changes in PEO dynamics in blends with 
P4HS. Physical aging studies of P4HS/PEO show that the relaxation in the blends is 
very slow, depending on blend composition. Based on these results it is expected that 
motion of the individual components, particularly the low Tg polymer, could be strongly 
affected. Due to time limitations, these measurements could not be done in this project. 
Thus, it would be worth undertaking further experiments to investigate the dynamics of 
this blend.    
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Appendix A-Convention for Storing Data
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A directory was created for each polymer system (P4HS, SHS, P4HS/PEO, 
P4HS/PEMA… etc) and subdirectories were then created for each aging temperature 
(422K, 417K, 412K etc.).   
Data were saved as deflection files in a directory called ‘Defl’. They were converted to 
heat capacity (Cp) files using the !Cp_Calc program on the Compaq workstation.  Once 
converted the data were saved as Cp data files in a directory called ‘Cp’.  This file 
format is necessary for the data processing stage, which is described below. 
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Appendix B- FTIR spectra at different 
aging times of P4HS 
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FTIR - Spectra recorded at different aging times at 139oC in the 3700-3000 cm-1 region 
for P4HS: (▬▬▬) 10min, (▬ ▬ ▬) 1000min. 
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Appendix C- Compositions of copolymers 
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Chemical Shift (PPM)
 
An NMR spectrum has been run for each sample. An example of an NMR 
spectrum is given in Figure 3.1: 
 
 
Figure 3.2:  Proton NMR spectrum of PStBuS with a composition of 20% mole of tBuS 
 
Where A corresponds to aliphatic protons:      and B corresponds to aromatic protons: 
 
The following equation was used to determine the copolymer composition from 
the proton NMR spectra.  
)(
)(
aromaticI
aliphaticIR   
 
R is the ratio between integral in the aliphatic region over the aromatic one. After that 
the mole fraction is found by using this equation: 
arar
alal
hFhF
hFhFR
2111
2111
)1(
)1(


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Here, h corresponds to the number of protons present in each monomer and contributing 
to either the aliphatic hal or aromatic har of the spectrum.  
The reliability of this method depends on the quality of the NMR spectra, for 
example if solvent or monomers are still in the sample, it changes considerably the 
results obtained.  
If styrene is taken as 1 and tertio-butoxystyrene as 2 in the formula (15), values of h can 
be found using the Figure 3.3: 
12alTBSh  3alSh  4arTBSh  5arSh  
The formula (15) can be arranged in order to isolate F: 
 
R
RFS 

9
412  
By using the values collected on the NMR spectrum of the Figure 3.2, we can determine 
the experimental copolymer composition: 
 
987.0
6.106
2.105 R  
806.0
987.09
)987.04(12 
SF  194.0806.011  sTBS FF  
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